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1.0  Summary 


This  program  has  investigated  advanced  diesel  air  charging  and  fuel 
injection  to  improve  specific  power,  fuel  economy,  exhaust  emissions, 
and  cold  startability.  The  techniques  explored  include  variable  fuel 
injection  rate  shaping,  turbo-compound  cooling,  regenerative 
recirculating  cold  start,  variable  injection  timing,  variable  geometry 
turbocharging,  and  full-authority  electronic  engine  control. 

A  Servojet  electronic  fuel  injection  system  was  designed  and 
manufactured  for  the  Cummins  VTA-903  engine.  This  system  consists  of 
the  unit  injectors,  fuel  manifolds,  electronic  pressure  regulator,  high 
pressure  fuel  pump,  electronic  control  unit,  wiring  harness,  and  engine 
sensors.  Injector  nozzle  breakage  and  leakage  problems  were  solved 
during  bench  tests.  The  performance  and  reliability  of  the  electronic 
control  unit  and  high  pressure  fuel  pump  were  successfully  demonstrated. 
Engine  control  and  calibration  software  was  written.  This  software  was 
shown  to  be  a  powerful  development  tool. 

In  addition,  Servojet  twin  turbochargers  and  a  high  efficiency  exhaust 
system  were  installed.  This  system  reduced  the  throttle  response  time  in 
half  compared  to  the  stock  single  turbocharger. 

A  series  of  high  speed  combustion  flame  photos  was  taken  using  the 
single  cylinder  optical  engine  at  Michigan  Technological  University. 

Various  pre  injection  rate  shapes  and  nozzle  configurations  were 
evaluated.  The  8  hole  x  .006  In.  diameter  nozzle  with  pre  injection 
demonstrated  the  best  overall  result.  During  several  tests,  there  was 
visual  evidence  that  cylinder  wall  wetting  caused  high  smoke  readings. 
Note  that  subsequent  combustion  system  optimization  work  by  a  major 
diesel  engine  manufacturer  (to  compliment  the  spray  characteristics  of 
the  Servojet  fuel  system)  has  resulted  in  drastic  smoke  reduction. 

Single-cylinder  bench  tests  were  performed  to  evaluate  regenerative  inlet 
air  heating  techniques  as  an  aid  to  cold  starting.  An  inlet  manifold  air 
temperature  rise  of  42  degrees  C  above  ambient  was  demonstrated 
during  cranking. 

An  exhaust-driven  axial  cooling  air  fan  was  designed  and  a  test  prototype 
manufactured.  Preliminary  performance  tests  were  conducted  using  the 
VTA-903.  Fan  airflow  and  efficiency  were  less  than  predicted  and 
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matching  of  the  prototype  fan  to  the  VTA-903  engine  was  not  optimized. 
Preliminary  tests  indicate  that  further  analysis  of  the  complete  engine  and 
TCS  combination  shou  d  be  performed.  Improved  fan  manufacturing 
techniques  and  duciing  design  with  reduced  flow  losses  are  needed  to 
achieve  better  tsfriciency  and  reliability. 

2.0  Introduction.  This  Small  Business  Innovation  Research  (SBIR)  project, 
coniract  number  DAAE07-90-C-R030  was  awarded  in  July  of  1990. 
Amendments  were  made  to  the  original  a  ward /con  tract  in  October  1990, 
May  1991,  January  1993,  and  August  1993. 

The  program  objective,  as  described  in  the  current  contract  revision, 
includes  investigation  of  the  practicality  of  unique  combustion  control 
techniques  and  how  they  apply  to  highly  flexible  and  advanced  air 
charging/fuel  injection  systems  to  improve  specific  power,  smoke,  fuel 
economy,  heat  rejection/cooling,  noise,  emissions,  fuel  tolerance,  and 
cold  startability. 

The  techniques  explored  include  variable  fuel  injection  rate  shaping, 
turbo-compound  cooling,  regenerative  recirculating  cold  start,  variable 
injection  timing,  variable  geometry  turbocharging,  and  full-authority 
electronic  engine  control. 

The  engine  used  to  test  these  various  techniques  was  a  Cummins  VTA-903 
rated  at  500  brake  horsepower  (BHP)  at  2600  RPM.  The  stock  engine 
performance  specifications  are  attached  in  Appendix  D5..  A  Servojet 
electronic  fuel  injection  system  was  designed  and  manufactured  for  this 
engine.  This  fuel  system  was  installed  along  with  a  special  Servojet  twin 
turbocharger  exhaust  system. 

In  addition  to  the  VTA-903  performance  tests,  a  series  of  combustion  flame 
photos  was  taken  using  the  single  cylinder  optical  engine  at  Michigan 
Technological  University  (MTU).  Various  fuel  injection  rate  shapes  and 
nozzle  configurations  were  photographed. 

Bench  tests  were  performed  at  BKM  using  one  cylinder  of  a  Perkins  4.236 
engine  to  evaluate  regenerative  inlet  air  heating  techniques  as  an  aid  to 
cold  starting. 

3.0  System  Hardware  Overview.  The  following  sections  of  this  report 
describe  the  design  and  operation  of  the  Servojet  system  components 
and  detail  the  test  results.  Refer  to  the  Fuel  Schematic  diagram. 
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Appendix  A5.  and  the  Diesel  Electronic  Control  System  diagram, 

Appendix  A6.  The  Servojet  fuel  injection  system  consists  of  the  following 
components. 

Fuel  Pump  -  A  high  pressure  (2000  PSI  maximum)  positive  displacement 
axial  piston  pump,  Servojet  model  RV-40  provides  fuel  at  up  to  2000  PSIG. 
This  pump  is  sized  to  provide  fuel  for  injection  plus  an  excess  capacity  for 
the  volume  required  for  injector  pressure  intensification.  The  ratio  of 
bypassed  fuel  to  injected  fuel  is  24  to  1 .  This  results  in  a  ratio  of  injection 
pressure  to  rail  pressure  of  approximately  1 6  to  1 .  Appendix  D3  is  a 
technical  specification  of  the  RV-40  pump.  A  pump  installation  drawing  is 
shown  in  Appendix  C 1 . 

Electronic  Pressure  Regulator  (EPR)-  An  electronically  controlled  pilot 
solenoid  valve  controls  a  high  volume  pressure  relief  valve  that  bleeds  a 
portion  of  the  pump  output  bock  to  the  pump  supply  side  to  regulate  the 
fuel  rail  pressure  at  the  injectors  -  thereby  controlling  fuel  delivery  to  the 
engine.  Refer  to  the  EPR  Assembly  drawing  in  Appendix  C2  and  the 
Parts  List  in  Appendix  B6. 

Fuel  Manifold  -  The  pressure  controlled  output  from  the  EPR  is  routed  to  a 
manifold  assembly  that  is  mounted  on  the  inboard  side  of  each  of  the 
two  modified  valve  covers.  Excess  fuel  from  the  pressure  intensifiers  is 
returned  from  each  manifold  to  the  pump  inlet.  The  rocker  lever  housing 
(valve  cover)  is  modified  to  mate  with  the  fuel  manifold,  sealing  the  area 
under  each  housing.  The  fuel  injector  control  cartridges  mount  in  the 
manifolds  and  high  pressure  tubes  connect  each  control  cartridge  to  the 
fuel  injectors.  The  Manifold  drawing  is  in  Appendix  C3  and  the  Rocker 
Lever  Housing  modifications  are  shown  in  Appendix  C4. 

Fuel  Injectors  -  The  Servojet  fuel  injector  assemblies  (Appendix  C5)  are 
mounted  in  the  cylinder  head  in  the  stock  mounting  holes.  The  Control 
Cartridge  (Appendix  C6),  containing  the  electro-mechanical  High  Speed 
Valve  (HSV)  and  pressure  intensifier  section,  is  mounted  in  the  fuel 
manifold.  An  HSV  technical  specification  is  included  in  Appendix  D2. 

Electronic  Control  Unit  (ECU)  -  This  microprocessor-based  control 
computer  receives  inputs  from  the  engine  sensors  and  computes  the 
appropriate  injector  and  EPR  control  outputs.  The  ECU  is  mounted  on  the 
engine  and  cooled  by  passing  low  pressure  fuel  through  drilled  passages 
in  the  die  cast  ECU  enclosure.  Appendix  D1  contains  the  ECU  technical 
specification. 
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Engine  Sensors  -  Crankshaft  position,  manifold  pressure,  and  rail  pressure 
sensors  are  engine-mounted.  In  addition,  analog  input  commands  for 
engine  speed,  injector  timing,  rail  pressure,  and  governor  mode  are 
provided.  Specification  sheets  for  the  engine  sensors  are  contained  in 
Appendix  D4. 

Wiring  Harness  -  A  prototype  wiring  harness  interfaces  all  sensors  inputs 
and  solenoid  outputs  to  the  ECU.  A  remote  signal  breakout  box  was  built 
to  house  the  command  input  potentiometers  and  oscilloscope  signal 
monitoring  points.  The  potentiometers  control  injection  timing,  engine 
speed,  rail  pressure,  and  select  the  governing  mode  (constant  speed  or 
load).  Schematic  diagrams  of  the  wiring  harness  and  breakout  box  are 
included  in  Appendix  A. 

4.0  Fuel  Injector  Design  and  Calibration 

4.1  Fuel  Injector  Design.  The  typical  Servojet  diesel  fuel  injector  (Figure  1 ) 
is  pressure  metered  -  using  an  integral  intensifier  to  increase  the  fuel  rail 
pressure  (500-1 500  PSI)  to  the  pressure  required  for  injection  (22,000  PSI).  It 
is  controlled  by  a  3-way  solenoid  valve  that,  when  energized,  admits  fuel 
to  the  intensifier  which  multiplies  the  pressure  of  the  fuel  in  the 
accumulator  by  the  ratio  of  areas  of  the  primary  piston  to  the  intensifier 
plunger.  The  bulk  modulus  of  the  fuel,  contained  in  the  accumulator,  is 
utilized  to  store  the  hydraulic  energy,  injection  is  initiated  by  de¬ 
energizing  the  solenoid  valve,  venting  pressure  in  the  intensifier  and 
creating  a  pressure  imbalance  which  causes  the  injector  needle  valve  to 
lift  and  the  pressurized  fuel  to  discharge  through  the  nozzle  orifices.  The 
needle  closes  when  the  accumulator  pressure  has  dropped  to  the  point 
where  the  needle  spring  force  is  greater.  Since  the  fuel  quantity  per 
injection  is  directly  related  to  the  accumulator  pressure,  engine  power  is 
governed  by  regulating  the  rail  pressure  with  the  EPR.  (Ref.  1 ) 

Since  it  was  not  possible  to  fit  the  standard  solenoid  valve  and  spool  valve 
into  the  existing  injector  mounting  space  in  the  VTA-903  cylinder  head,  a 
special  2-piece  fuel  injector  was  designed.  A  remote  control  cartridge, 
containing  the  solenoid  and  spool  valves,  is  located  outside  the  valve 
cover  -  mounted  in  a  manifold  (Figure  2)  that  is  supplied  with  fuel  by  the 
EPR.  Hard  lines  carry  the  fuel  from  the  control  cartridge,  past  the  engine 
valve  gear,  to  the  injector  assembly  containing  the  intensifier, 
accumulator,  rate  shaping  plate,  and  nozzle  (Figure  3).  Some 
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Figure  2  -  Fuel  Manifold  Installation 


Figure  3  -  Fuel  Injector 
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modification  to  the  cylinder  head  was  required  to  install  the  injector.  The 
major  injector  subassemblies  are: 


Injector  Assembly  608400 

Tube  Assembly  608379 

Control  Cartridge  Assy  608399 
Fuel  Manifold  Assy  610107 


A  parts  list  for  each  of  these  assemblies  is  included  in  Appendix  B.  Copies 
of  all  engineering  drawings  are  contained  in  Appendix  C. 

The  injector  nozzles  used  for  engine  testing  were  fabricated  from  heat 
treated  52100  tool  steel  and  contained  8  x  .010"  diameter  holes.  A 
photograph  of  the  combustion  chamber,  with  the  nozzle  tip  installed  and 
wires  inserted  into  the  spray  holes  (to  indicate  the  spray  pattern),  is  shown 
in  Figure  4. 

Extensive  refinement  of  the  original  Injector  design  was  done  to  achie  /e 
consistent  and  reliable  operation.  This  development  process  is  described 
in  section  1 2.0. 

4.2  Injector  Calibration.  The  injectors  were  calibrated  on  a  test  bench  to 
characterize  fuel  delivery  (cubic  mm  per  injection)  and  delay  time 
(milliseconds  between  commanded  injection  and  actual  start  of 
injection).  Both  of  these  key  parameters  are  a  function  of  rail  pressure. 
Figure  5  shows  the  delivery  curve  for  the  8  injectors.  The  minimum  rail 
pressure  was  found  to  be  approximately  500  PSI.  Below  this  pressure, 
injection  consistency  is  degraded.  In  order  to  extend  the  delivery  curve 
somewhat  below  this  level,  additional  calibration  tests  were  conducted 
using  reduced  solenoid  energize  times  (ET).  By  reducing  the  ET,  the 
injector  is  Fired  before  the  accumulotor  can  fully  charge  to  the  full  rail 
pressure.  However,  acceptable  injection  quality  is  maintained  even 
though  the  quantity  injected  is  reduced.  This  is  shown  in  Figure  6. 

Injector  delay  times  as  a  function  of  rail  pressure  and  ET  are  shown  in 
Rgures  7  and  8.  Note  that  the  variation  in  delay  time  from  injector  to 
injector  is  approximately  1  mSec  which  is  too  large  to  be  acceptable  for  a 
production  fuel  system.  This  is  due  to  variation  in  mechanical 
characteristics  in  the  prototype  unit  injectors.  Although  the  system 
software  takes  injector  delay  difference  Into  account,  correcting  the 
timing  of  each  cylinder  individually,  production  tolerances  still  need  to  be 
closer  than  in  these  prototypes.  Subsequent  development  improvements 
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Figure  4  -  Fuel  Injector  Spray  Pattern 
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Rgure  5  -  Fuel  Injector  Delivery  Vs  Rail  Pressure 
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Figure  7  -  Fuel  Injector  Delay  Time  Vs  Rail  Pressure 


Figure  8  -  Fuel  Injector  Delay  Time  Vs  Energize  Time 


to  the  solenoid  valve  design  have  alleviated  this  discrepancy  in  fuel 
systems  designed  for  production  release. 

5.0  Fuel  System  Design  and  Installation 

5.1  Fuel  Pump.  The  fuel  pump  selected  for  the  VTA-903  is  the  Servojet  RV- 
40,  part  number  608344.  This  axial  piston  pump  is  a  standard  commercial 
part  designed  by  BKM  and  manufactured  by  Servojet  Products 
International. 

5.2  Gearbox.  A  special  gearbox  assembly  (See  Figure  9  and  drawing 
608212  -  Appendix  C8)  was  designed  and  manufactured  to  drive  the  RV- 
40  p  jmp  plus  the  Hail  effect  crankshaft  position  /  timing  mask. 


Figure  9  -  Fuel  Pump  Drive  and  EPR  Installation 

5.3  EPR.  The  EPR  Assembly  (608398  -  Appendix  C2)  and  twin  fuel  manifolds 
(608353  -  Appendix  C3)  were  designed  and  manufactured  for  this 
project.  The  EPR  regulates  the  fuel  rail  pressure  by  bleeding  a  portion  of 
the  RV-40  pump  outlet  flow.  A  Servojet  Proportional  HSV  (PHSV)  is  driven 
by  a  pulse  width  modulated  driver  in  the  ECU.  This  PHSV  acts  as  a  pilot  to 
control  a  high  volume  pressure  relief  valve  which  bleeds  the  pump  outlet 
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as  required  to  maintain  the  necessary  rail  pressure.  The  EPR  assembly  also 
contains  outlet  ports  for  the  rail  pressure  transducer  and  a  mechanical 
pressure  gauge. 

5.4  Fuel  Manifold.  The  fuel  manifold,  part  number  608353  (Appendix  C3), 
distributes  the  fuel  output  from  the  EPR  to  the  individual  injector  control 
cartridges  and  from  the  cartridges  to  the  injectors.  It  acts  as  a  mounting 
structure  for  the  injector  control  cartridges  and  helps  to  seal  the  modified 
rocker  lever  housing. 

6.0  Turbocharger  and  Exhaust  System 

6.1  Turbocharger  Design.  The  VTA-903  was  originally  equipped  with  a 
single  AiResearch  turbocharger  part  number  3032046.  This  was  replaced 
with  twin  Servojet  WS-90  VAT  -  Variable  Area  Turbochargers  (Figures  10,  11, 
&  12)  and  the  corresponding  exhaust  manifolds  (Figure  13).  The 
performance  objectives  with  this  exhaust  system  were  to; 

1 )  improve  throttle  response  by  reducing  turbocharger  rotating  inertia 

2)  increase  volumetric  efficiency  by  conserving  exhaust  energy  with 
shorter,  more  direct  entry  to  the  turbos 

3)  better  utilizing  exhaust  pulse  energy  by  careful  pairing  of  manifold 
branches 

4)  evaluate  the  benefits  of  a  2-position  exhaust  diverter  valve  on  the 
turbocharger  inlet.  This  valve  directs  exhaust  into  both  inlets  or  the 
axial  inlet  only 

The  WS-90  VAT  has  several  unique  design  features  that  result  in  high 
efficiency.  These  include: 

•  The  exhaust  turbine  is  a  combined  axial-radial  design  with  high 
efficiency  and  increased  flow  capacity.  The  axial-radial  exhaust 
housing  is  cast  in  two  sections.  One  directs  the  exhaust  gas 
predominantly  in  the  direction  of  the  turbine  axis.  The  second  section 
directs  exhaust  gas  inward  radially  toward  the  outer  circumference  of 
the  turbine.  The  split  housing  permits  the  exhaust  gas  to  be  directed 
into  either  or  both  sections  thereby  adjusting  turbine  speed  and 
acceleration  characteristics  to  match  engine  speed  and  load. 
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•  The  WS  turtx)charger  utilizes  a  full  floating  ball  bearing  which  has  all  of 
the  advantages  of  the  conventional  floating  bushing,  but  decreases 
the  mechanical  parasitic  losses  from  4%  to  1  %  with  accompanying 
improvement  in  acceleration  and  combined  efficiency.  The 
advantages  of  the  floating  ball  bearing  are  lower  brake  specific  fuel 
consumption  (BSFC).  faster  acceleration,  lower  exhaust  emissions,  and 
reduced  sensitivity  to  starting  and  stopping  distress. 


SMALL  DIAMETER 


FULL  FLOATING  AXIAL/RADIAL 

BEARING  SYSTEM  TURBINE 


J  Rgure  1 0  -  Servojet  WS-90  Turbocharger 


15 


Figure  1 1  -  WS-90  Turbocharger 


Figure  12  -  WS'90  Turbocharger  Installation 


Figure  13  -  Exhaust  Manifold  with  Diverter  Valve 


•  The  variable  area  turbine  feature  is  a  simple,  lovv  cost  and 
commercially  practical  two  step  device.  The  WS-VAT  provides  faster 
acceleration,  lower  exhaust  emissions  and  increased  engine  breaking 
torque. 

•  The  centrifugal  compressor  design  is  the  latest  state-of-the-art  with  a 
broad  flow  range  and  a  high  peak  efficiency  of  78%  -  typical  or 
modern  centrifugal  compressors  of  this  size. 

•  The  WS-90  turbocharger  has  been  demonstrated  in  commercial 
operation  in  a  class  8  diesel  truck  with  very  favorable  results  including 
improved  acceleration  and  reduced  fuel  consumption. 

In  November  of  1990,  BKM  issued  interim  report  F-521  titled  "  TACOM 
TURBOCHARGER  DEVELOPMENT  AND  TEST  PROGRAM"  under  contract 
number  DAAE07-87-C-R106  .  This  report  includes  all  turbocharger  design 
data,  including  turbocharger  mapping.  A  copy  of  F-521  is  included  as 
Appendix  H. 


6.2  Exhaust  system.  A  stainless  steel  tube  exhaust  manifold  was 
fabricated  to  enhance  the  efficiency  of  the  twin  WS-90  turbochargers. 

The  exhaust  manifolds  were  made  in  a  4-into-2  configuration  on  each 
engine  bank  (see  Figure  1 3).  The  paired  cylinders  were  chosen  to  result  in 
even  exhaust  pulses  at  each  collector  tube.  An  exhaust  diverter  valve 
assembly  (Figure  14),  part  number  60804,  was  placed  at  the  exit  of  the 
collector  tube  pair  on  each  bank.  A  manual  push-pull  cable  actuates 
the  diverter  valve  which  determines  the  exhaust  path  into  the 
turbocharger  inlet.  With  the  valve  open,  each  manifold  collector  is 
routed  into  one  of  the  turbocharger  inlets  -  axial  and  radial.  When  the 
diverter  valve  is  closed,  the  radial  turbocharger  inlet  is  fully  blocked  off 
and  exhaust  from  both  collector  tubes  flows  into  the  axial  inlet  only. 


Figure  14  -  Exhaust  Diverter  Valve  Installation 

7.0  Electronfc  Control  System 

Early  in  this  project,  it  was  intended  to  use  a  Servojet  SE-4D  electronic 
controller  which  is  based  on  the  production  Ford  EEC-IV  ECU.  BKM 
modifies  the  SE-4D  hardware  and  v/rites  application-specific  control 
J  software.  This  custom  control  unit  is  packaged  in  an  instrument  enclosure 
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containing  the  necessary  solenoid  drivers  and  connmand  signal 
potentiometers,  resulting  in  the  SE-4D.  However,  prior  to  the  start  of 
engine  tests,  a  BKM-designed  and  manufactured  ECU  became  available 
and  the  decision  was  made  to  use  it  instead. 

The  BKM  ECU  has  several  advantages  over  the  EEC-IV  in  this  application: 

•  All  injector  drivers  are  contained  within  the  ECU 

•  Engine  mounting  and  fuel  cooling  capability 

•  User  friendly  calibration  and  diagnostics  via  IBM-compatible  personal 
computer  (IBM-PC) 

7.1  Electronic  Control  Unit  (ECU)  The  ECU  is  described  in  Appendix  D1 .  It 
was  mounted  on  the  top  of  the  aftercooler  on  rubber  vibration  isolators 
and  cooled  with  low  pressure  fuel  from  the  inlet  side  of  the  mechanical 
pump. 

7.2  Control  Software.  The  engine  control  software  is  based  on  existing 
diesel  engine  programs  and  modified  to  map  the  time  delay  of  each  fuel 
injector  individually  rather  than  using  an  average  delay  curve  as  is  the 
normal  practice.  This  compensates  for  the  relatively  wide  variation  in 
delay  times  experienced  with  these  prototype  injectors  (see  section  4.2 
and  Figure  7).  Calibration  data  for  the  injectors,  EPR,  and  engine  sensors 
is  incorporated  into  the  software. 

The  fuel  quantity  is  calculated  as  a  function  of  engine  RPM  and  the 
throttle  command  input.  A  manifold  pressure  sensor  input  is  used  to  limit 
smoke  by  limiting  the  fuel  quantity  as  a  function  of  boost  pressure. 

Governing  modes  -  The  ECU  governs  the  engine  in  two  modes 

•  The  LOAD  MODE  (MIN/MAX)  governor  maintains  engine 
power  by  changing  rail  pressure  directly  in  response  to  a 
command  potentiometer.  The  engine  speed  varies 
between  programmed  idle  and  overspeed  RPM  limits  as  a 
function  of  the  applied  engine  load. 

•  The  SPEED  MODE  {ALL  SPEED)  governor  holds  a  fixed  engine 
RPM  as  the  load  changes  by  adjusting  rail  pressure  (and 
therefore  engine  power)  as  required. 
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7.3  Calibration  Software.  An  IBM-PC  is  interfaced  to  the  ECU  over  a  2-wire 
serial  (RS-232C)  link  to  transfer  data  between  the  PC  and  the  ECU. 
Calibration  look-up  tables  and  engine  control  parameters  can  be 
displayed,  modified,  and  saved  to  disk  files  while  the  engine  is  running. 

This  menu-driven  software,  BKMPANEL,  allows  the  development  engineer 
to  quickly  evaluate  the  effect  of  calibration  changes  on  the  engine. 

7.4  Wiring  Harness.  The  wiring  harness  (Appendix  A1 )  connects  the  ECU 
to  the  other  electro-mechanical  components.  A  signal  breakout  box 
(Appendix  A2)  is  inserted  between  the  harness  and  the  ECU  for 
development  testing  only.  This  box  taps  into  the  ECU  input  and  output 
signals  and  connects  the  ECU  to  a  remote  Control  Panel  (Appendix  A4) 
via  a  pair  of  Interface  Cables  (Appendix  A3).  The  Control  Panel  contains 
several  potentiometers  that  gave  the  operator  manual  control  of  engine 
speed  (in  the  speed  governing  mode),  rail  pressure  (in  the  load  governing 
mode),  injection  timing,  and  a  mode  select  switch  to  place  the  engine  in 
SPEED  or  LOAD  control  mode.  An  additional  CAL(ibration)  mode  allows 
the  injectors  to  be  fired  without  an  input  from  the  engine  mounted 
crankshaft  position  (PIP)  sensor.  In  the  CAL  mode,  the  Speed  command 
potentiometer  controls  the  frequency  of  injection.  The  CAL  mode  is  used 
only  for  troubleshooting  or  injector  calibration. 

Several  other  key  ECU  signals  are  brought  out  to  the  Control  Panel  so  that 
they  can  be  monitored  on  an  oscilloscope  if  desired.  These  signals 
include  the  (8)  injector  solenoid  voltages,  (8)  injector  logic  signals,  the  PIP 
input,  EPR  rail  pressure  transducer  input,  and  the  EPR  solenoid  voltage. 

7.5  Sensors.  The  following  sensors  are  installed  on  the  VTA-903.  Sensor 
specifications  are  contained  in  Appendix  D4. 

Crankshaft  position  (PIP) 

Manifold  Air  Pressure  (MAP) 

Air  Charge  Temperature  (ACT) 

Rail  Pressure  (RPX) 

8.0  Cold  Start  Aids 

Several  techniques  for  improving  the  cold  startability  and  initial  engine 
warm-up  time  were  investigated.  In  general,  the  aim  of  these  techniques 
was  to  take  advantage  of  the  compression  heating  effect  to  warm  the 
inlet  air  charge  -  using  either  the  engine  pistons  or  the  turbocharger 
compressor. 
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The  first  test  of  charge  air  heating  was  performed  on  both  the  twin  turbo 
VTA-903  and  a  6-cylinder  Cummins  NTC-4CX)  engine  using  a  single  WS-90 
turbocharger.  Turbine  inlet  sliders  with  drilled  impulse  nozzles  (10x.06'‘, 
60X.06",  and  30x.  1 25")  were  installed  In  the  turbocharger  (Figure  1 5).  The 
engine  was  cranked  without  starting  and  also  run  at  idle  while  the 
resulting  manifold  pressures  were  measured.  It  was  concluded  that  this 
technique  may  be  used  to  improve  throttle  response  and  warm  up  times, 
but  would  not  be  effective  as  a  starting  aid  since  the  increase  in  manifold 
pressure  and  temperature  at  minimum  engine  RPM  (600)  is  very  small  - 
only  1  degree  F  and  0.5  In.Hg.  At  a  fast  idle  speed  (1200  RPM),  the 
temperature  rise  is  22  degrees  F  and  manifold  pressure  increases  by  3.95 
In.Hg  .  The  full  test  reports  TR-018,  TR-01 9  and  TR-026  are  contained  in 
Appendix  El. 

A  more  promising  cold  start  technique  was  investigated  that  takes 
advantage  of  regenerative  heating  of  the  inlet  air  charge.  With  this 
technique,  the  engine  is  cranked  for  several  seconds  without  injection  of 
fuel  while  the  exhaust  valve  is  kept  closed  and  the  inlet  valve  is  cracked 
open  a  small  amount  during  the  compression  stroke.  As  the  piston 
compresses  and  heats  the  air  in  the  cylinder,  the  heated  air  bleeds  back 
into  the  inlet  manifold.  Each  successive  cycle  adds  heat  to  the  manifold 
air  until  a  predetermined  temperature  threshold  is  reached.  At  that  point, 
the  valves  are  returned  to  normal  operation  and  fuel  is  injected  at  the 
normal  time.  Since  the  manifold  air  is  significantly  warmer  than  the 
ambient  air  temperature,  combustion  is  achieved  more  easily. 

In  order  to  test  the  effectiveness  of  regenerative  inlet  air  heating  as  an  aid 
to  cold  starting,  a  simulation  test  was  conducted  at  BKM.  This  test  did  not 
attempt  to  start  an  engine  but  simply  to  quantify  the  amount  of  manifold 
temperature  rise  that  could  be  achieved. 

A  Perkins  4.236  diesel  engine,  configured  as  a  single  cylinder  research 
engine,  was  the  test  subject  (Figure  1 6).  Various  combinations  of  inlet  and 
exhaust  valve  settings  were  tested.  The  test  indicated  that  regenerative 
inlet  air  heating  has  potential  as  a  practical  cold  starting  aid.  The 
maximum  manifold  air  temperature  rise,  after  30  seconds  of  cranking,  was 
42  degrees  C  above  ambient  (21*^0)  with  the  exhaust  valve  mechanism 
disabled  and  the  inlet  valve  held  open  .010  In..  A  graph  of  manifold 
temperature  vs  time  is  shown  in  Figure  1 7.  The  full  results  of  this  test  are 
presented  in  Appendix  E2.  A  similar  cranking  test  was  performed  on  the 
VTA-903  engine  in  which  the  inlet  valve  lash  was  set  to  a  negative  .010" 
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Figure  1 5  -  Exhaust  Slider  Installation 
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Figure  16  -  Cold  Start  Bench  Test 
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Figure  1 7  -  Temperature  Rise  Above  Ambient 
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and  the  exhaust  valve  function  was  not  changed.  Under  these 
conditions,  a  manifold  temperature  rise  of  approximately  1 5  degrees  C 
was  observed.  It  is  evident  from  the  bench  test  that  the  VTA-903 
temperature  rise  would  be  increased  if,  in  addition  to  the  negative  inlet 
lash,  the  exhaust  valves  were  disabled  during  cranking.  A  follow-up  test 
program  is  needed  to  evaluate  this  technique  on  a  functioning  engine. 


9.0  Engine  tests  (BKM  &  Golden  West  College) 

The  fuel  injection  and  turbocharger  hardware  described  above  was 
installed  on  the  Cummins  VTA-90  engine.  Initial  system  checkout  was 
done  at  BKM  with  the  engine  running  unloaded  -  see  Figure  1 8.  The 
purpose  was  to  verify  starting  and  to  evaluate  idle  quality  prior  to 
performing  full  power  dynamometer  tests. 


Figure  18  -  VTA-903  Test  Stand  (BKM) 
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Following  the  unloaded  checkout,  the  engine  was  transported  to  Golden 
West  College  (GWC)  in  Huntington  Beach,  CA  for  full  power 
dynamometer  tests.  The  GWC  test  cell  contains  a  Clayton  water  brake 
dynamometer  and  Digilog  data  acquisition  system. 

9.1  System  Checkout  (6KM). 

Startability  and  idle  quality  were  the  first  characteristics  to  be  evaluated. 
Although  the  engine  started  easily,  marginal  injector  spray  quality  and 
HSV  instability  at  the  idle  rail  pressure  (480  PSI)  resulted  in  occasional 
misfires  and  erratic  injection  timing.  This  marginal  spray  quality  is  typical  of 
this  injector  type  when  the  rail  pressure  approaches  the  needle  closing 
pressure.  When  that  occurs,  the  needle  fails  to  lift  completely  and 
throttling  of  the  fuel  charge  occurs  across  the  needle  seat  rather  than  the 
spray  orifices.  This  throttling  reduces  the  injection  pressure  resulting  in  poor 
atomization,  i.e.  larger  droplet  size  and  less  spray  penetration.  If  the  rail 
pressure  is  reduced  further,  the  injector  eventually  does  not  fire.  Each 
injector  has  a  slightly  different  closing  pressure  and  therefore  will  stop  firing 
at  a  different  rail  pressure.  Future  fuel  injector  designs  for  this  engine 
should  allow  consistent  operation  down  to  450  PSI  rail.  As  a  short  term 
solution  to  this  problem,  the  two  stage  injector  calibration  technique, 
described  in  section  4.2,  was  incorporated  into  the  software  which 
extended  the  minimum  fuel  delivery  range  and  improved  the  idle  quality. 

It  was  discovered  that  injection  delay  times  in  the  engine  were  somewhat 
different  from  delay  times  measured  on  the  calibration  bench.  This  is 
believed  to  be  the  result  of  dynamic  rail  pressure  differences  between  the 
bench  and  the  engine.  Since  the  delay  is  a  function  of  rail  pressure, 
standing  waves  that  are  present  in  the  engine  installation  (but  not  on  the 
bench)  will  effect  timing.  As  a  result,  cylinder-to-cylinder  injection  timing 
is  spread  over  a  wide  range  with  some  too  advanced  and  some  too 
retarded.  Each  injector  was  instrumented  with  a  strain  gauge  to 
measure  instantaneous  accumulator  pressure  and  thereby  determine 
actual  injection  timing.  The  ECU  software  was  then  modified  to  allow 
timing  adjustment  of  each  cylinder  independently.  Originally,  the  timing 
was  determined  using  an  average  delay  function  for  all  eight  injectors. 
Software  control  of  injector-to-injector  timing  was  a  more  cost-effective 
solution  than  reducing  the  standing  wave  amplitude  through  hydraulic 
methods  which  would  have  required  extensive  bench  testing.  In 
developing  a  commercial  version  of  this  system,  it  would  be 
advantageous  to  solve  the  hydraulic  Instability  problem  instead. 
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Another  control  strategy  that  was  evaluated  in  an  attempt  to  improve 
idle  quality  was  skip-fire.  Four  of  the  eight  fuel  injectors  were  disabled  by 
disconnecting  the  solenoid  electrical  connectors.  The  engine  was  idled 
on  the  remaining  four  cylinders  which  each  had  to  produce  higher  power 
than  usual  to  make  up  for  the  power  lost  to  the  inactive  cylinders.  Since 
the  four  active  cylinders  were  each  required  to  inject  more  fuel  per  cycle, 
they  operated  further  above  the  minimum  rail  pressure  and  therefore 
were  less  likely  to  misfire.  Although  the  engine  idled  smoothly  on  four 
cylinders,  the  idle  quality  was  not  much  improved  compared  to  eight 
cylinders.  The  change  in  power  per  cylinder,  at  idle,  between  eight  and 
four  active  cylinders  was  not  enough  to  result  in  a  large  enough  change 
in  rail  pressure  to  make  a  noticeable  difference. 

9.2  Engine  Test  Results  (GWC). 

All  dynamometer  tests  were  conducted  with  the  Servojet  fuel  system 
installed.  The  engine  was  tested  with  the  following  turbocharger 
configurations. 

•  Stock  Single  turbocharger  and  stock  exhaust  manifolds 

•  Twin  WS-90  turbos,  fabricated  exhaust  manifold  -  both  turbo  Inlets 

•  Twin  WS-90  turbos,  fabricated  exhaust  manifold  -  radial  turbo  inlet 

•  Twin  WS-90  turbos,  fabricated  exhaust  manifold  -  axial  turbo  inlet 

The  test  results  with  these  four  configurations  are  plotted  together  with  the 
manufacturers  published  performance  data  in  Figure  19.  Turbocharger 
compressor  outlet  and  turbine  inlet  pressures  are  plotted  in  Figure  20. 

Rgure  21  shows  the  pressure  differential  (boost  minus  exhaust).  Figure  22  is 
total  engine  inlet  airflow  (pounds  per  second).  Figure  23  shows  exhaust 
smoke,  and  Figure  24  is  a  chart  of  throttle  response  times  from  idle  to  2200 
RPM.  All  of  the  above  data  is  at  maximum  power. 

The  throttle  response  test  simulated  vehicle  acceleration,  from  off-idle  to 
near  maximum  engine  RPM,  on  the  water  brake  dynamometer.  The 
dyno  load  control  (water  flow)  was  set  to  hold  the  engine  at  2200  RPM 
when  full  power  was  commanded.  With  this  load  setting  maintained,  the 
engine  speed  command  was  reduced  to  1 200  RPM.  At  this  engine 
speed,  the  dyno  loading  was  minimal.  A  mode  input  to  the  ECU  was 
then  switched  which  instantaneously  commanded  maximum  fuel.  The 
engine  quickly  accelerated  up  to  the  previously  set  maximum  speed. 
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The  time  between  the  maximum  fuel  command  and  attainment  of  the 
preset  maximum  RPM  was  measured.  The  resulting  times  in  Rgure  24  are 
the  average  of  at  least  four  runs  in  each  configuration.  As  shown,  the 
twin  WS-90  turbochargers  (with  blocked  inlets)  accelerated  in  less  than 
half  the  time  of  the  stock  single  turbocharger. 
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Figure  19  -  Engine  Performance  Vs  RPM 
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Figure  23  -  Normalized  Smoke  Vs  RPM 


Figure  24  -  Throttle  Response  Time 


10.0  High  Speed  Combustion  photography  (MTU) 

Dr.  Duane  Abata  of  Michigan  Technological  University  (MTU)  was 
subcontracted  to  perform  a  series  of  combustion  flame  photography  tests 
(Ref.  2)  on  a  Servojet  fuel  injection  system.  The  purpose  was  to  evaluate 
and  compare  the  combustion  resulting  from  the  use  of  various  injector 
nozzle  configurations  (no.  and  diameter  of  holes  )and  rate  shapes.  Each 
nozzle  was  tested  with  two  rate  shapes  -  one  where  the  full  fuel  charge  is 
injected  immediately  at  a  high  initial  rate  and  the  other  where  a  small 
percentage  of  fuel  is  pre  injected  at  a  low  rate  immediately  prior  to  the 
higher  rate  main  charge.  The  pre  injection  percentage  is  controlled  by 
calibration  of  the  rate  shaping  section  of  the  nozzle  assembly  (Figure  1 ). 


A  combustion  analyzer  was  used  to  measure  cylinder  pressure  and  heat 
release  during  the  filming.  A  high  speed  camera,  installed  in  an 
instrumented  single-cylinder  research  engine,  filmed  the  combustion 
events.  These  films  were  transferred  to  VHS  videotape  for  viewing.  The 
video  tape  is  included  as  part  of  this  report.  Details  of  the  test  procedure 
and  the  resulting  data  are  contained  in  the  MTU  test  report  (Appendix  F). 

10.1  Injector  Configuration  and  Calibration.  Six  unique  injector 
configurations  were  tested.  The  nozzle  hole  combinations  and  the 
percentage  of  pre  injection  are  listed  below. 


Nozzle  Configuration 
iNo.  holes  X  dig.  -  In.) 
8  X  .006" 
7X.007 
6  X  .006 


Pre  Injection 
Quantity  (%) 
0&  15 
0&  15 
0&  10 


RUN 

NO. 

INJECT 

S/N 

HOLE 
CONFIG 
#  X  DIA 

PRE- 

INJ 

% 

FUEL 

Q 

mm3 

INJECT 

DEl/^Y 

mS 

DUR 

mS 

RAIL 

PRESS 

PSI 

START 
OF  INJ 
DEG 

START 

COMB 

DEG 

NORM 

SMOKE 

I 

303 

8X.006 

0 

34 

2.53 

1.77 

800 

5 

-4 

1.60 

2 

303 

8X.006 

0 

46 

2.06 

2.07 

1150 

3 

-3 

1.73 

3 

304 

7X.007 

0 

35 

2.77 

1.55 

800 

4 

-4 

1.44 

4 

304 

7X.007 

0 

53 

1.73 

1.94 

1500 

9 

0 

1.31 

5 

303 

6X.006 

10 

32 

2.92 

2.92 

800 

3 

-8 

1.13 

6 

303 

6X.006 

10 

51 

2.26 

2.49 

1500 

5 

-3 

1.69 

7 

304 

7X.007 

15 

30 

2.40 

1.90 

800 

2 

0 

1.23 

8 

304 

7X.007 

15 

52 

1.90 

2.00 

1500 

3 

-4 

1.44 

9 

304 

8X.006 

15 

29 

2.64 

2.02 

800 

10 

3 

1.15 

10 

304 

8X.006 

15 

52 

2.05 

2.31 

1500 

12 

5 

1.42 

11 

303 

6X.006 

0 

31 

3.13 

1.87 

800 

- 

- 

1.00 

12 

303 

6X.006 

0 

50 

2.37 

2.19 

1500 

- 

- 

1.25 

TABLE  1-  Flame  Photo  Calibration  Data 
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Each  of  the  six  combinations  of  nozzle  and  rate  shape  were  tested  at  two 
injection  quantities  representing  approximately  1 00%  and  50%  of 
maximum  fuel  delivery.  Table  1  presents  the  calibration  data  and  the 
injection  rate  traces  are  presented  in  Figure  25.  Note  the  difference  in 
rate  traces  with  and  without  pre  injection.  The  injector  energize  time  was 
1 5  mSec  in  all  cases. 
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Figure  25  -  Injection  Rate  Traces 


34 


T 


1 


I 


- 1 - - - 4 ^ - 1 - 

:  ;  1  '  j  1 

'  *  -  ! 

j 

"  I  * 

'  j 

}  i  i  r\ 

;  > 

t 

1  ;  1  h 

1 

i  ; 

i  'i  ' 

' 

i  '  i  /  ! 

\: 

I 

i  ;  I  M  /  i 

- - : - : - - - — - i. - 1 

■t~-* - r - ^ - h- - j 

I  )  ■ 


0.00000  S  2.5COOO  iis  5.00000  ms 

SOO  a  s Cl  ■? 

Run  3-  7X.007,  SOOpsi 
0%  pre-injection 


!  _  :  J  J  '  ^  flic,. 

1 

■  i  *  i 

: 

, _ L\ 

; 

; -  I-  , 

i  !  '  : 

L 

1 

1  ill 

!  ‘ 

I  i 

j 

!  ;  1  M 

r.  ;  1  ' 

' 

i  \ 

.  ,  ,  '  A 

0.00000  ^  2.50000  5.00000 

500  0  5/(31  V 


Run4-7X.007,  ISOOpsi 
0%  pre-injection 


j  1  i  1 

It  ‘  !  1 

T  '■  j  2 

■ 

» 

• 

1 

■  i 

1^;  ;  i  i 

+  :  ; 

17  1  1  ! 

i 

71 _  I 

*; 

i  1  'J  i  /'  1' 

V 

i 

;  i 

‘  1 

i  ‘rj\  \ 

1 

i 

i  1 

i 

■L 

-  i  --  -  ■  • 

_ 'd  ^  \ 

■i-  :  i 

r  ^ 

—  ■  - ■-  »-  —  -  -  —  _  -  —  ' 

0.00000  s  50000  ».«.  5.00000  bs 


500  us/Oiv 

Run  7  -  7X.007,  SOOpsi 
1 5%  pre-injection 


Runs  -  7X.007,  1  SOOpsi 
1 5%  pre-injection 


J 


Figure  25  -  Injection  Rate  Traces 
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Figure  25  -  Injection  Rate  Traces 
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10.2  Analysis  of  Flame  Photography  Test  Results. 


The  rail  pressure,  injection  timing,  and  normalized  smoke  data  for  each 
run  is  listed  in  Table  1 .  Normalized  smoke  is  used  instead  of  an  absolute 
value  because  baseline  data  for  the  optical  engine  with  standard 
mechanical  injectors  was  unavailable. 

The  8X.006  nozzle  configuration  with  pre  injection  (runs  9  and  10] 
demonstrated  the  best  overall  result  for  the  following  reasons. 

•  It  had  the  highest  peak  cylinder  pressures,  7.67  MPa  at  800  PSI  rail  and 
9.05  MPa  at  1500  PSI  rail. 

•  The  peak  rate  of  heat  release  for  this  nozzle,  1 64  kJ  at  800  PSI  rail  and 
409  kJ  at  1500  PSI  rail,  was  even  with  the  other  injectors. 

•  The  cumulative  heat  release  curves  show  a  value  of  1 .3  MJ  at  800  PSI 
and  1.18  MJ  at  1500  PSI. 

Several  nozzle  combinations  produced  relatively  high  smoke  readings. 
This  can  be  explained  by  the  fact  that  combustion  begins  at  the  cylinder 
walls.  Some  fuel  appears  to  have  been  deposited  on  the  walls  and  not 
burned  completely.  This  will  result  in  larger  carbon  particles  flowing  out 
the  exhaust.  If  no  wall  wetting  had  occurred,  the  smoke  readings  would 
be  lower.  There  was  no  clear  correlation  between  nozzle  configuration 
or  pre  injection  and  smoke  readings. 

The  complete  test  report  is  included  in  Appendix  F.  Refer  also  to  the  VHS 
format  video  tape  included  with  this  report. 

1 1 .0  Turbocompound  Cooling  System 

11 .1  TCS  Design.  In  response  to  interest  expressed  by  TACOM  personnel, 
BKM  agreed  to  design  and  conduct  preliminary  "proof  of  concept"  tests 
on  an  exhaust  driven  engine  cooling  fan  called  the  Turbocompound 
Cooling  System  (TCS).  The  objective  of  the  TCS  concept  is  to  utilize 
wasted  exhaust  energy  to  spin  a  radiator  cooling  fan  rather  than  driving 
the  fan  directly  via  the  engine  crankshaft.  This  will,  in  theory,  increase  the 
mechanical  efficiency  of  the  engine.  As  a  secondary  benefit,  replacing 
the  engine  driven  fan  with  the  TCS  allows  the  cooling  radiator  to  be 
placed  remotely.  By  eliminating  the  need  to  place  the  mechanically- 
driven  fan  and  radiator  at  the  front  of  the  vehicle,  designers  have  more 
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flexibi,"ty  and  can  place  greater  emphasis  on  low-drag  aerodynamic 
designs  or  other  packaging  considerations. 


The  TCS  prototype  test  unit  was  based  on  the  existing  Servojet 
turbocharger  design.  The  WS-90  exhaust  turbine  wheel  was  retained.  To 
this  was  added  a  new  exhaust  housing  with  integral  wastegate  mounting 
bosses  and  ducting  (Figure  26  ),  and  a  new  axial  fan  (Figure  27)  and 
housing  (Figure  28).  External  air  and  exhaust  ducting  was  designed  and 
built  to  allow  performance  tests  (Figure  29). 

Manufacture  of  the  high  speed  axial  fan  presented  a  technical 
challenge.  A  computerized  stereo  lithography  process  was  used  to 
generate  a  master  model  of  the  fan  which  was  then  used  to  cast  the 
finished  part.  Although  this  process  was  less  expensive  than  more 
traditional  modeling  techniques  or  NC  machining,  the  dimensional 
accuracy  of  the  model,  and  therefore  the  finished  fan  blades,  was  less 
than  expected.  In  particular,  the  resulting  blade  thickness  is  outside  the 
design  tolerance.  Since  the  blade  profile  is  critical  to  the  aerodynamic 
performance  of  the  fan,  this  variation  was  expected  to  reduce  fan 
efficiency  and  could  potentially  affect  the  vibration  characteristics. 

11.2  TCS  engine  tests:  The  TCS  fan  instrumented  for  temperature  and 
pressure,  as  indicated  in  Figure  30,  was  tested  at  Golden  West  College 
using  the  VTA-903  engine  exhaust  to  power  the  TCS  turbine  (Figures  31 
through  34).  The  VTA-903  had  the  stock  single  turbocharger  installed 
during  this  test.  The  exhaust  outlet  from  the  engine  turbocharger  was 
ducted  into  the  TCS  turbine  inlet.  The  TCS  fan  outlet  air  passed  through 
a  diffuser,  a  plenum  chamber,  and  an  adjustable  orifice  to  simulate  a 
heat  exchanger  which  then  discharged  into  the  dynamometer  test  cell. 
Airflow  measurement  nozzles  (1  to  4  depending  on  flow  rate)  were 
attached  to  the  fan  inlet  duct.  The  pressure  drop  across  the  nozzles  was 
used  to  calculate  volumetric  airflow.  The  TCS  Figure  35  shows  the  TCS 
airflow  and  exhaust  back  pressure  for  fan  speeds  from  5000  to  1 7700  RPM 
with  a  1 00  square  In.  exit  opening  area.  Drawing  614036  (Appendix  C6) 
details  the  test  installation.  The  full  test  report  (MR-941 )  is  presented  in 
Appendix  G. 
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Figure  28  -  TCS  Fan  Housing 


TCS  Diffuser  Assembly 
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Figure  30  -  TCS  instrumentation  points 


Figure  31  -  Golden  West  Dynamometer 
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Figure  32  -  TCS  Test 


Figure  33  -  TCS  Test 


71.3  TCS  conclusions: 


•  The  prototype  was  built  and  successfully  demonstrated  to  be  a  viable 
concept  for  future  combat  vehicles. 

•  Prototype  fan  airflow  and  efficiency  are  less  than  predicted.  A  hot 
bench  test  program  should  be  performed  to  characterize  the  fan 
performance  under  controlled  conditions. 

•  Matching  of  the  prototype  TCS  fan  to  the  VTA-903  engine  is  not 
optimized.  Future  TCS  engine  tests  should  be  performed  after  an 
analysis  of  the  complete  engine  and  TCS  system  is  made. 

•  Fan  blade  modeling  and  casting  techniques  need  to  be  improved. 
Higher  accuracy  tooling  is  necessary  to  achieve  better  efficiency  and 
reliability. 

•  TCS  durability  and  burst  tests  should  be  included  in  a  future 
development  program. 

•  The  TCS  design  should  be  reviewed  to  improve  the  ease  of  assembly. 

•  The  TCS  air  ducting  design  should  be  improved  to  minimize  flow  losses 

12.0  Technical  problems  Encountered  and  Solutions: 

During  the  course  of  this  program,  various  technical  problems  were 
encountered  and  solved.  This  section  describes  those  experiences. 

12.1  Injector  nozzle  failures:  During  early  bench  calibration  tests,  several 
injector  nozzle  failures  were  experienced  when  run  at  rail  pressures  above 
800  PSI.  In  each  case,  the  tip  of  the  nozzle  broke  out  in  line  with  rhe 
drilled  holes  (Figures  36,  and  37  ).  The  failures  were  originally  attributed  to 
the  nozzle  material  (52100)  and  heat  treat.  A  new  set  of  nozzles  were 
machined  by  BKM  using  an  OEM  material  (GM  7520  Semi-Stainless)  and 
then  heat  treated  by  Diesel  Technology  Corporation  (Detroit  Diesel).  This 
increased  the  failure  point  to  1 200  PSI  but  did  not  entirely  solve  the 
problem.  Following  a  design  review  of  the  nozzle  and  a  detailed 
inspection  of  the  failed  parts,  the  cracks  were  found  to  be  originating  at 
the  machined  radius  immediately  above  the  needle  seat.  Various 
machining  modifications  were  incorporated  to  improve  stress 
concentration  and  eliminate  tool  marks  in  that  area.  The  final  design  was 
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TACOM  NOZZLE 
609752-1 


i 


Figure  37  Injector  Nozzle  Cross  Sectional  Drawing 


bench  tested  for  160  hours  (10  million  cycles)  at  full  rail  pressure  (1500  PSI) 
without  failure.  A  revised  set  of  injector  nozzles  were  manufactured, 
calibrated,  and  installed  in  the  VTA-903  engine.  No  further  nozzle  failures 
occurred  during  the  remainder  of  this  project. 

12.2  Injector  leakage:  Internal  sealing  of  the  unit  injector  depends 
partially  on  the  creation  of  high  unit  pressures  between  two  lapped 
mating  surfaces  in  the  injector  body  (see  section  B-B  in  drawing  608400, 
Appendix  C5).  A  large  nut  clamps  the  intensifier  body  to  the 
intermediate  body  at  this  mating  surface.  It  was  found  that  the  nut 
threads  failed  before  the  torque  required  to  maintain  an  adequate 
clamping  force  was  reached.  The  solution  was  to  reduce  the  mating 
surface  area  by  removing  material  between  the  fluid  passages  and 
dowel  pin  holes .  This  resulted  in  an  increased  clamping  pressure  at  a 
reduced  nut  torque  and  eliminated  the  leakage. 

12.3  Injector  hold-down  clamp  breakage:  The  stock  Cummins  injector 
clamps,  which  had  to  be  modified  for  injector  clearance,  broke  upon 
installation  in  the  engine.  Strength  tests  were  performed  on  a  previous 
revision  of  this  clamp  early  in  the  design  process,  however,  it  was  found 
that  the  currently  available  production  versii^n  does  not  have  adequate 
strength  when  modified.  This  problem  was  solved  by  machining  a  set  of 

y  clamps  from  4 1 40  steel.  No  further  failures  were  experienced. 
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12.4  Fuel  Contamination:  On  numerous  occasions,  small  metal  shavings 
in  the  EPR  caused  the  high  pressure  relief  valve  to  stick  open.  This 
resulted  in  a  loss  of  rail  pressure.  In  addition  to  EPR  contamination,  debris 
also  caused  several  injectors  to  fail.  The  source  of  these  shavings  was  not 
conclusively  determined  but  "last  chance"  filters  installed  in  fuel  rail  lines 
(EPR  outlets)  and  a  filter  at  the  EPR  inlet  solved  the  problem. 

12.5  High  smoke  levels:  During  engine  tests  and  flame  photo  runs,  the 
smoke  meter  readings  were  higher  than  expected.  The  high  smoke  is 
caused  by  cylinder  wall  fuel  impingement  as  seen  in  the  flame  photos. 
Additional  research  is  needed  to  optimize  the  combustion  chamber 
shape,  air  swirl  pattern,  and  injection  spray  characteristics  to  eliminate 
wall  wetting  and  reduce  smoke.  Recent  success  in  a  production  engine 
development  program  indicates  that  dramatic  smoke  reduction  is 
possible  with  combustion  system  optimization. 

12.6  Low  boost:  Initial  engine  performance  tests  indicated  a  lower  than 
expected  boost  pressure  with  the  twin  WS-90  turbochargers  installed. 
Several  possible  explanations  for  this  were  explored.  Analysis  indicated 
that  the  problem  was  a  combination  of  incorrect  matching  of  the 
turbocharger  to  the  engine  and  a  loss  of  exhaust  efficiency  from  the 
original  exhaust  manifold  design. 

The  WS-90  turbochargers  were  designed  to  be  manufactured  with  either 
a  3.40  or  a  4.00  square  in.  turbine  inlet  area.  The  optimum  area  for  the 
VTA-903  twin  turbo  configuration  is  3.40  However,  only  the  4.00  version 
was  available  for  this  test.  This  caused  the  boost  pressure  to  be  lower 
than  desired.  This  was  verified  during  the  engine  tests  by  closing  either 
the  axial  or  radial  half  of  the  turbine  which  effectively  reduced  the  inlet 
area.  When  one  half  was  closed,  the  boost  pressure  increased  to  normal 
levels  as  expected.  For  future  engine  tests,  turbochargers  with  the 
appropriate  Inlet  area  should  be  built  and  installed. 


The  exhaust  manifold  was  originally  designed  with  a  "stuffing  plate"  that 
was  intended  to  fill  a  dead  space  in  the  exhaust  port  ceiling.  The  original 
manifold  flange  opening  was  also  found  to  be  smaller  than  the  cylinder 
head  port  opening,  further  restricting  exhaust  flow.  To  improve  exhaust 
efficiency,  the  stuffing  plate  was  removed  and  the  flange  opening  was 
Increased  to  match  the  port. 
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Back  to  back  tests  conducted  with  the  stock  single  turbocharger  installed 
confirmed  that  the  reduced  boost  was  not  due  to  the  fuel  system. 

12.7  Rail  pressure  surges:  During  the  engine  tests,  occasional  transient  rail 
pressure  surges  were  observed.  Typically,  these  were  brief 
(approximately  100-200  mSec)  increases  in  rail  pressure.  The  transient 
pressure  change  was  as  much  as  1 00  PSI.  At  the  conclusion  of  the  test 
program,  it  had  not  yet  been  determined  if  this  was  due  to  hardware  - 
such  as  a  sticking  EPR  -  or  if  a  random  software  bug  was  commanding  the 
event.  The  transient  was  brief  enough  and  infrequent  enough  that  it  did 
not  affect  the  test  data,  however  it  should  be  investigated  if  this  fuel 
system  is  the  subject  of  further  tests. 

13.0  Conclusions  and  recommendations 

13.1  Project  Achievements: 

This  project  has  achieved  the  following: 

Remote  control  cartridge  Injector  designed  -  A  separate  injector 
control  cartridge  was  engine  tested  for  the  first  time.  This  design 
allows  installation  of  the  Servojet  injector  in  cylinder  heads  like  the 
VTA-903  where  space  is  limited  or  the  environmental  conditions 
(temperature  and  oil  splash)  could  adversely  affect  the  solenoid 
valve. 

Injector  design  Improvement  -  Through  extensive  bench  and 
engine  testing  of  the  fuel  injectors  a  better  understanding  was 
gained  of  the  factors  that  influence  performance  and  reliability. 

This  knowledge  will  improve  all  future  diesel  injector  designs. 

Demonstrated  diesel  electronic  control  -  Continuous  operator 
control  of  all  engine  control  parameters  including  timing  (Figure  38), 
governor  mode,  idle  speed,  sensor  calibration,  and  fuel  delivery 
curves. 

Electronic  control  unit  reliability  demonstrated  -  This  application 
marked  the  first  engine-mounted  ECU  installation.  Although  a 
preliminary  shock  and  vibration  bench  test  was  performed  on  this 
ECU  design,  reliability  under  actual  engine  vibration  and 
temperature  conditions  was  previously  unproved.  No  failures  of  the 
control  unit  were  experience  during  engine  testing. 
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A.  Advanced  Timing 
SOI  =  5  degrees  BTDC 


800  RPM,  Cylinder  #4, 
20  cubic  mm  per  injection 

Upper  Trace:  Accumulator 
Pressure  from 
Strain  Gauge 

Lower  Trace:  Cylinder 
Pressure 


B.  Standard  Timing 
SOI  =  TDC 


C.  Retarded  Timing 
SOI  =  5  degrees  ATDC 


Figure  38  -  Effect  of  Injection  Timing  on  Cylinder  Pressure 
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RV-40  pump  and  gear  drive  reliability  demonstrated  -  This  project 
saw  the  first  use  of  the  RV-40  fuel  pump  on  an  engine.  The  pump 
gear  drive  assembly  was  designed  and  built  for  this  program  Both 
performed  flawlessly. 

WS-90  Variable  Area  Turbocharger  tested  -  This  component, 
designed  and  manufactured  under  a  previous  TACOM  contract, 
exhibited  good  performance  with  no  failures.  The  VAT  control 
concept  was  shown  to  be  a  practical  way  to  modify  turbine  inlet 
area  and  the  resulting  gas  velocity  on  a  running  engine. 

Improved  throttle  response  demonstrated  -  The  WS-90  turbochargers 
reduced  the  throttle  response  time  in  half  compared  to  the  stock 
single  turbocharger. 

Demonstrated  engine  power  equal  to  or  higher  than  stock  •  The 

engine  output  with  the  Servojet  fuel  system  easily  matched  stock 
levels  except  at  the  maximum  tested  speed  (2600  RPM)  where  the 
injected  fuel  quantity  was  slightly  low.  With  an  improved  injector 
spray  pattern  to  eliminate  the  smoke-producing  wall  wetting,  the 
power  levels  are  expected  to  increase  without  the  need  to 
increase  the  fuel  quantity.  The  BSFC  at  peak  power  should  show  a 
corresponding  improvement. 

Combustion  fiome  photography  test  conducted  -  A  better 
understanding  of  in-cylinder  injection  spray  patterns  and  the  effect 
of  rate  shaping  on  flame  initiation  and  burning  has  been  gained. 
High  smoke  levels  experienced  during  VTA-903  engine  tests  were 
duplicated  in  the  optical  engine  and  attributed  to  cylinder  wall 
wetting. 

Turbocompound  cooling  fan  concept  demonstrated  -  A  prototype 
exhaust  driven  fan  was  designed  and  built  to  prove  the  concept. 
Preliminary  engine  tests  were  conducted  that  indicate  that  this 
approach  to  engine  cooling  is  feasible.  However,  the  fan  and 
turbine  design  need  to  be  refined  and  better  matched  to  this 
engine. 

Regenerative  heating  cold  start  technique  -  A  non-running  bench 
test  of  compression  heating  demonstrated  a  significant  charge  air 
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temperature  rise  (42  degrees  C  above  ambient)  in  the  inlet 
manifold  of  a  single  cylinder  engine.  This  concept  is  worthy  of 
further  study  using  both  bench  tests  and  running  engines  to  quantify 
the  temperature  rise  that  can  be  achieved. 

13^  Recom  tended  system  development:  The  subject  Servojet  engine 
control  system  successfully  demonstrated  that  electronic  control  of  diesel 
fuel  injection  is  a  powerful  engine  development  tool.  This  prototype 
hardware  generally  performed  up  to  expectations,  however,  lessons 
learned  during  this  program  indicate  that  improvements  should  be  made 
in  the  following  areas  to  bring  reliability  and  performance  to  a  production 
level  and  realize  a  significant  improvement  over  existing  fuel  systems. 

1 .  Improve  injector  reliability  and  minimize  delay  variation  between 
iniectors.  This  can  be  achieved  with  careful  selection  of 
materials  and  attention  to  machining  and  assembly  tolerances. 

2.  Match  turbocharger  to  engine.  A  pair  of  the  smaller  3.40  square 
In.  inlet  area  WS-90  turbochargers  should  be  built  and  installed 
on  the  VTA-903.  This  will  result  in  higher  boost  and  better  throttle 
response  compared  to  the  4.00  square  In.  version.  An  improved 
dual-range  version  of  the  WS-90,  which  has  increased  low  speed 
torque,  should  also  be  tested. 

3.  Software  calibration  and  strategy  refinement.  Dynamometer 
engine  mapping  should  continue  to  optimize  the  fuel  delivery 
curve  over  the  entire  engine  operating  range.  The  current 
software  look  up  tables  are  a  close  approximation  but  there  is 
room  for  improvement.  Future  vehicle  drivability  tests  will  also 
influence  the  software  calibration. 

4.  Eliminate  rail  pressure  surges.  The  source  of  these  pressure 
surges  should  be  investigated  and  corrected. 

13.3  Recommended  additional  research:  It  is  recommend  that  a  single 
cylinder  research  engine,  with  the  same  bore  and  stroke  as  the  VTA-903, 
be  equipped  with  a  Servojet  fuel  system  and  used  to  explore  the  effect 
that  injection  spray  pattern,  rate  shapes,  combustion  chamber  shape, 
and  swirl  have  on  power,  fuel  efficiency,  and  exhaust  emissions  - 
especially  smoke.  Various  injector  nozzles  and  rate  shapes  should  be 
engine  tested  with  a  variety  of  piston  bowl  shapes.  It  is  clear  that 
optimum  results  cannot  be  achieved  by  simply  bolting  the  Servojet  fuel 
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injectors  into  an  engine  with  a  combustion  system  that  was  optimized  for 
another  fuel  system. 

Single  cylinder  research  should  also  be  done  to  achieve  a  practical 
regenerative  cold  start  system  on  a  running  engine.  Design,  fabricate, 
and  test  a  prototype  control  system  to  disable  the  inlet  and  exhaust 
valves  during  cranking.  An  electro-hydraulic  system,  controlled  by  the 
ECU,  is  recommended. 

Once  a  practical  cold  start  system  is  demonstrated  and  the  combustion 
chamber  has  been  optimized,  a  Servojet  second  generation  VTA-903  fuel 
and  exhaust  systems  should  be  built  and  installed.  These  systems  will 
incorporate  all  the  lessons  learned  during  this  project  regarding  system 
design,  performance,  and  reliability.  Dynamometer  performance  tests 
and  vehicle  drivability  and  durability  tests  would  then  demonstrate  the  full 
potential  of  the  Servojet  system. 
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INITIAL  RELEASE;  11-26-90 
REVISION  LTR; 

REVISION  DATE; 

ENGINE  USAGE;  VT903 

FILE  NAME;  TACINJOl.XSS 


1  ITEM 
;  NO 

PART  NUMBER 

REV 

NOMENCLATURE 

QTY 

MATERIAL 

TYPE -ALLOY 

1  1 

D608400--3 

B 

INJECTOR  ASSEMBLY  (LWR.) 

- 

(  o 

1 

D608366-1 

C 

.BODY- INTERS I FIER 

i. 

3TEEL-3e20 

«  ^ 

,  O 

C6C8373-1 

- 

. CAP- PLUNGER 

1 

0-1  DRILL  ROD 

C608365-1 

- 

. PLUNGER- INTENSIFIER 

1 

M-2  DRILL  PLAN! 

i  5 

D900103-6 

- 

. SPR I NG - FT  oTON  RETURN 

1 

MUSIC  WIRE 

i  6 

C608363-1 

A 

-NUT- INTENSIFIER 

1 

STRESSPROO? 

’  n 

,  { 

D900902-25 

- 

. DOWEL -UPPER 

2 

M-2  DRILL  BLANl 

•  0 

1  ^ 

D900101-50 

- 

. SPRING-NEEDLE 

1 

MUSIC  WIRE 

i  9 

D608362-1 

A 

-NUT-TIP 

1 

STRESSPROOF 

;  10 

D900103-2 

- 

-SPRING-RATE  SHAPE 

1 

MUSIC  WIRE 

:  11 

C900802-5 

A 

-BALL-C.V. 

o 

STAINLESS 

;  12 

D900101-13 

. SPRING -C.V. 

o 

o 

MUSIC  WIRE 

:  13 

C608367-1 

A 

-SEAT -SPRING 

2 

0-1  DRILL  ROD 

i  14 

C901001-4 

. 

-SHIM 

A/R 

STEEL 

i  15 

C608388-1 

-FILLER 

1 

0-1  DRILL  ROD 

i  16 

C601329-30 

N 

-PISTON -PR I MARY 

1 

STEEL-52100 

i  17 

B608018-4 

c 

-SEAT -SPRING 

1 

0-1  DRILL  ROD 

:  18 

D609698-1 

-BODY-ACCUMULATOR 

1 

STEEL-8620 

1  19 

C609753-1 

. ADAPTER-NEEDLE/SPRING 

1 

0-1  DRILL  ROD 

!  20 

B609769-1 

1 

. PLUNGER- SEPARATOR 

1 

M-2  DRILL  BLAN 

i  ITEM 
:  NO 

PART  NUMBER 

REV 

1 

1 

NOMENCLATURE 

QTY 

-3 

MATERIAL 

TYPE -ALLOY 

PARTS  LIST  NUMBER; PL608400 
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FARTS  LIST  TITLE:  TACOM  INJECTOR  ASSY.  (G-4) 
PROJECT  NUMBER:  25133 

INITIAL  RELEASE:  11-26-90 
REVISION  LTR: 

REVISION  DATE; 

ENGINE  USAGE:  VT903 

FILE  NAME;  TACINJ02.X3S 


ITEM 

NO 

PART  NUMBER 

:  REV  :  NOMENCLATURE  ;QTY 

t  1  » 

II  1  J 

MATERIAL 

TYPE -ALLOY 

21 

C609745-1 

- 

-PLATE-RATE  SHAPE 

1 

STEEL-8620 

22 

C610135-1 

- 

-NOZZLE  ASSY 

1 

(MINI -SAC) 

23 

C608359-3 

A 

. -  NEEDLE  VALVE 

1 

M-2  DRILL  BLANK 

24 

D609532-2 

- 

.  -  NOZZLE -DRILLED 

1 

M/F  609752-1 

25 

D6C9752-1 

- 

.  - -NOZZLE-BLANK 

1 

3TEEL-52100 

26 

D609749-1 

- 

-  ADAPTER-TIP/ACCUMULATOR 

X 

STEEL" 3620 

27 

D900902-26 

- 

-DOWEL -LOWER 

O 

o 

M-2  DRILL  BLANK 

28 

29 

30 

31 

32 

33 

34 

*** 

REFERENCE  DRAWINGS 

D608390 

- 

TIP  LAYOUT 

*** 

C609076 

- 

LAPPING  TOOL  ASSY 

)t:  ))()*: 

ITEM 

NO 

PART  NUMBER 

REV 

NOMENCLATURE 

QTY 

-3 

MATERIAL 

TYPE-ALLOY 

FARTS  LIST  NUMBER; PL603393 
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PARTS  LIST  TITLE;  ELECTRONIC  PRESSURE  REGULATOR  ASSY 
PROJECT  NUMBER;  25133 
INITIAL  RELEASE:  12-5-90 
REVISION  LTR: 

REVISION  DATE; 


ENGINE  USAGE 
FILE  NAME; 

VT903 

TACEPRAl.XSS 

;  ITEM 
;  NO 

PART  NUMBER 

REV 

:  NOMENCLATURE 

( 

1 

QTY 

-1 

MATERIAL 

TYPE-ALLOY 

;  1 

D608398-1 

- 

:  EPR  ASSEMBLY 

- 

!  2 

D60S395-1 

B 

!  .MANIFOLD 

1 

6061-T6  ALUM 

:  3 

B610153-1 

- 

;  .FITTING-FILTER 

4 

M/F  900401-9 

:  4 

D900401-9 

- 

:  ..FITTING 

4 

STEEL 

;  5 

A902107-1 

- 

:  .FILTER  SCREEN 
^1 _  _ _ _ _  _  _ 

4 

STAINLESS 

i  6 

D900401-2 

- 

:  .FITTING-VENT 

o 

tmt 

;  7 

D900401-10 

- 

:  .FITTING-EAIL/VENT 

O 

:  8 

D900410-3 

- 

i  .FITTING-ELBOW 

2 

9 

D900402-3 

- 

•  .ADAPTER- GAGE 

1 

i  10 

D60S396-1 

- 

i  .BLOCK -SUN  VALVE 

1 

6061-T6  ALUM 

i  11 

C900701-2 

- 

:  . SUN  VALVE 

1  _ _  _ _ _ 

1 

I  12 

B900708-1 

- 

:  .VALVE-PHSV 

1  _  _ _ _  _ 

1 

(2  WAY) 

:  13 

D900401-3 

- 

!  .FITTING 

.  1 _  ^  « 

1 

i  14 

A900425-3 

- 

;  .CAP 

1  _  ^  —  —  —  —  — 

1 

i  15 

D900403-3 

- 

1  . PLUG 

1 

i  16 

D900403-4 

- 

:  . PLUG 

1 

:  17 

D900201-53 

- 

i  .O-RING 

1  .  .  . 

1 

2-020 

i  18 

D900201-44 

- 

!  .O-RING 

1 

2-018 

CO 

D900301-31 

- 

i  . SCREW-SHCS 

6 

1/4-20UNC-2A 

:  20 

C903601-2 

i  .GAGE 

1 

i  ITEM 
:  NO 

PART  NUMBER 

REV 

;  NOMENCLATURE 

1 

1 

QTY 

-1 

MATERIAL 

TYPE -ALLOY 

PARTS  LIST  NUMBER:PL608398 
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PARTS  LIST  TITLE;  ELECTRONIC  PRESSURE  REGULATOR  ASSY 

PROJECT  NUMBER:  25138 

INITIAL  RELEASE  12-5-90 

REVISION  LTR: 

REVISION  DATE; 

ENGINE  USAGE:  VT903 

FILE  NAME:  TACEPRA2 . XSS 


;  ITEM  1  PART  NUMBER  !  REV 
;  NO  : 

NOMENCLATURE 

QTY 

-1 

MATERIAL 

TYPE-ALLOY 

21 

A900424-1 

- 

-TEE -FEMALE  PIPE 

1 

22 

D900501-2 

- 

. LOCKWASHER 

6 

1/4"  HI -COLLAR 

23 

D900401-11 

- 

.FITTING 

1 

«6-4 

24 

A900423-1 

- 

.PIPE  ADAPTER/REDUCER 

1 

25 

A901310-1 

- 

.THERMOCOUPLE  ASSY. 

1 

26 

A900422-1 

.PIPE  NIPPLE 

1 

27 

28 

29 

30 

*** 

REFERENCE  DRAWINGS 

*** 

*** 

*** 

D608627 

TACOM  EPR  LAYOUT 

(PRELIMINARY) 

*** 

D608637 

L/O  EPR  &  MANIFOLD 

608587 

SUN  VALVE  DRILL  (TD-2A) 

994-002-001 

*** 

608588 

SUN  VALVE  REAMER  (TR-2A) 

995-002-001 

*** 

ITEM 

NO 

PART  NUMBER 

REV 

NOMENCLATURE 

QTY 

-1 

MATERIAL 

TYPE -ALLOY 

I 


PARTS  LIST  NUMBER: PL610107  PAGE  1  OF  1 

PARTS  LIST  TITLE  MANIFOLD  ASSY 
PROJECT  NUMBER:  25138 

INITIAL  RELEASE:  12-13-90 
REVISION  LTR; 

REVISION  DATE: 

ENGINE  USAGE:  VT903 

FILE  NAME:  TACMANOl.XSS 


ITEM 

NO 

!  PART  NUMBER 

J 

1 

REV 

NOMENCLATURE 

QTY 

-1 

MATERIAL 

TYPE-ALLOY 

1 

:  D610107-1 

1  .  .  ... 

- 

FUEL  MANIFOLD  ASSY. 

- 

2 

i  D608399-1 

1 _ _ 

- 

.CONTROL  CARTRIDGE  ASSY. 

4 

3 

!  J608353-1 
-  — 

- 

.MANIFOLD  (4  CYL.  ) 

1 

ALUM. -eL61-T6 

4 

D900301-8 
<  —  —  ^  — 

- 

.SHCS- CARTRIDGE  ATTACH. 

8 

1/4-20UNC  X  1 

5 

D900401-1 

- 

.FITTING-STRAIGHT 

STEEL 

6 

D900410-3 

1  . 

- 

.FITTING-ELBOW  (90  DEG) 

O 

STEEL 

7 

D900421-1 

- 

.FITTING-TEE 

1^ 

STEEL 

8 

^  —  —  —  —  —  —  — 

D900501-2 

- 

. LOCKWASHER 

8 

1/4  ■■  HI -COLLAR 

9 

- 

10 

- 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

ITEM 

NO 

PART  NUMBER 

REV 

NOMENCLATURE 

QTY 

-1 

MATERIAL 

TYPE -ALLOY 

FARTS  LIST  NUMBER ; FL60S399 
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FARTS  LIST  TITLE:  CONTROL  CARTRIDGE  ASSY 
PROJECT  NUMBER ;  25138 

INITIAL  RELEASE:  12-13-90 
REVISION  LTR: 

REVISION  DATE: 

ENGINE  USAGE;  VT903 

FILE  NAME:  TACCCAC1.X3S 


;  ITEM 
;  NO 

PART  NUMBER 

REV 

NOMENCLATURE 

QTY 

-1 

MATERIAL  : 

TYPE-ALLOY  I 

«  -1 

X 

608399-1 

- 

CONTROL  CARTRIDGE  ASSY. 

- 

1 

( 

:  2 

608355-1 

- 

.BODY-CONTROL  CARTRIDGE 

1 

1 

\  o 

,  o 

604779-1 

- 

. FI STON-S . S . CONTROL 

I 

:  4 

A900705-1 

- 

.VALVE--1.S.  (3WNC^ 

I 

;  5 

DS00201-58 

- 

.O-RING  (TOP', 

—  _  ~  —  —  — 

1 

A  PT?-'  TT  _  VJ  T  •T' 

6 


7 


8 


9 


10 


11 


12 


13 


14 


D900201-11 


D900202-9 


D900101-18 


608517-1 


D900802-4 


608394-1 


D900202-8 


601331-4 


608354-1 


;  15 

D900802-7  ; 

- 

.BALL 

;  1  ; 

<  t 

STAINLESS 

t 

!  16 

608377-1  i 

1 

- 

-SLEEVE-S.S. PISTON 

1  1 

;  1  ; 

i  17 

D901101-9  i 

- 

.PLUG  (LEE) 

;  1  ! 

PLGA0930020 

1 

;  18 

D900101-19 

t 

- 

.SPRING 

1  1 

:  1  ; 

I 

;  19 

608375-1  ; 

—  _  ‘ 

- 

.FLUG-SPFING  RETAINER 

1  t 

:  1  ; 

I 

I 

> 

1  O 

608374-1 

.SPRING  GUIDE-C.V. 

«  • 

;  1  ; 

1 

! 

1 

;  ITEM 
;  NO 

PART  NUMBER  1 

1 

1 

r  V 

1 

NOMENCLATURE 

;  OTY : 
:-i  ; 

MATERIAL 
TYPE- ALLOY 

■ 

ARTS  LIST  NUMBER ;PL608399 
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FARTS  LIST  TITLE; 
PROJECT  NUMBER: 
INITIAL  RELEASE; 
REVISION  LTR; 
REVISION  DATE: 
ENGINE  USAGE; 

FILE  NAME; 


CONTROL  CARTRIDGE  ASSY 

25138 

12-13-90 


VT903 

TACCCA02.XSS 


ITEM 

NO 

FART  NUMBER 

REV 

NOMENCLATURE 

QTY 

-1 

MATERIAL 

TYPE-ALLOY 

21 

D900S02-5 

- 

•  BALL 

1 

STAINLESS 

22 

C608376-1 

- 

-SEAT -CHECK  VALVE 

1 

0-1  DRILL  ROD 

23 

24 

25 

26 

27 

2S 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

ITEM  :  PART  NUMBER  1 
NO  ;  ; 

REV 

NOMENCLATURE 

QTY 

4 

i-LATERIAL 

TYPE -ALLOY  : 

FART 


NUMBER; FL6C8;Bj 


PARTS  LIST  TITLE:  MAIN  DRIVE  ASSEMBLY 
PROJECT  NUMBER;  25138 
INITIAL  RELEASE;  12-13-90 
REVISION  LTR; 

REVISION  DATE: 

ENGINE  USAGE;  VT903 

FILE  NAME;  TACMDA01.X33 


ITEM 

NO 

PART  NUMBER 

REV 

NOMENCLATURE 

QTY 

-1 

MATERIAL 

T'YPE- ALLOY 

1 

D608329-1 

- 

MAIN  DRIVE  ASSY 

- 

o 

c. 

C608337-1 

- 

.DRIVE  GEAR  ASSEMBLY 

1 

3 

D608332-1 

- 

. .GEAR- CRANKSHAFT 

1 

4 

C9025G1-3 

- 

. . KEY -WOODRUFF 

1 

5 

C608326-1 

- 

. .HUE-DRIVE  GEAR 

1 

6 

C9C2501-4 

- 

. KEY- WOODRUFF 

2 

7 

B608843-1 

- 

.RETAINER-BEARING 

1 

8 

C60833C-3 

- 

. SPACER 

1 

9 

C608330-2 

- 

. SPACER 

1 

10 

B900506-1 

- 

. LOCKWASHER 

1 

11 

B901405-1 

- 

. LOCKNUT 

1 

12 

C608335-1 

B 

.GEAR- DRIVEN 

1 

13 

A903002-2 

- 

.BEARING 

2 

14 

B900506-2 

- 

. LOCKWASHER 

1 

15 

E901405-2 

- 

. LOCKNUT 

1 

16 

E608321-1 

A 

.GEARBOX  HOUSING 

1 

17 

C608327-1 

A 

.SHAFT-MAIN  DRIVE 

1 

18 

D900301-5 

- 

.SHCS 

4 

19 

20 

ITEM 

NO 

PART  NUMBER 

REV 

NOMENCLATURE 

QTY 

-1 

MATERIAL 

TYPE-ALLOY 

FARTS  LIST  NUMBER: PL608328 
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PARTS  LIST  TITLE:  MASK  DRIVE  ASSY 
PROJECT  NUMBER:  25138 

INITIAL  RELEASE:  12-14-90 
REVISION  LTR: 

REVISION  DATE: 

ENGINE  USAGE:  VT903 

FILE  NAME:  TACMSKOl.XSS 


ITEM 

NO 

PART  NUMBER 

REV 

NOMENCLATURE 

QTY 

-1 

MATERIAL 

TYPE -ALLOY 

1 

D608328-1 

- 

MASK  DRIVE  ASSEMBLY 

- 

_ 

o 

Cl 

D608323-1 

A 

.HOUSING-t4ASK 

1 

ALUM. 

3 

C608324-1 

- 

.SHAFT -MASK  DRIVE 

1 

1215  STEEL 

4 

C608334-1 

E 

.GEAR-MASK  DRIVE 

± 

5 

C608397-1 

- 

.MASK  .4SSY 

1 

6 

B60S408-1 

- 

. .MASK -MOD 

1 

7 

60S328-1 

- 

. . . MASK 

1 

8 

C608325-1 

- 

. . HUB-MASK 

1 

1215  STEEL 

9 

D900301-17 

- 

. . SHCS 

2 

10 

D606556-2 

B 

.COVER- HALL  EFFECT 

1 

ALUM. 

11 

60833C-1 

- 

. SPACER 

1 

12 

608019-1 

- 

.CLAMP-H.E. COVER 

n 

13 

60E350-1 

- 

.RING-SEAL 

1 

14 

901202-3 

- 

.RETAINING  RING 

15 

903002-1 

- 

.BEARING 

2 

16 

901701-2 

- 

.SEAL 

1 

17 

900201-9 

- 

.O-RING 

1 

18 

902501-5 

- 

. KEY- WOODRUFF 

2 

19 

90C504-6 

- 

.WASHER-FLAT 

1 

20 

901402-5 

- 

.NUT 

ITEM 

NO 

PART  NUMBER 

REV 

NOMENCLATURE 

QTY 

-1 

MATERIAL 

TYPE-ALLOY 

PARTS  LIST  NUMBER; PL608338 
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PARTS  LIST  TITLE; 
PROJECT  NUMBER; 
INITIAL  RELEASE; 
REVISION  LTR; 
REVISION  DATE; 
ENGINE  USAGE; 

FILE  NAME; 


FUEL  PUMP  ASSY. 

25138 

1-22-91 


VT903 

TACPMPOl .XSS 


ITEM 

NO 

PART  NUMBER 

REV 

NOMENCLATURE 

;qty 

-1 

MATERIAL  1 

TYPE -ALLOY  1 

1 

C609338-1 

- 

PUMP  ASSEMBLY 

1 

1 

1 

1 

2 

C608344-1 

- 

.PUMP  (RV-40)  MODIFIED 

1 

M/F  000-3500-1  ; 

3 

C608336-1 

B 

.GEAR 

1 

1 

« 

i 

........  « 

4 

B608333-1 

- 

. WASHER 

1 

1215  STEEL  i 

( 

5 

C902502-2 

- 

. KEY -WOODRUFF 

1 

1 

1 

1 

1 

6 

D901401-3 

- 

.NUT 

1 

1 

* 

1 

7 

D900201-1 

- 

.0-RING 

1 

» 

J 

8 

1 

1 

1 

...  1 

9 

J 

I 

1 

.  .  ..  f 

10 

» 

1 

I 

11 

1 

1 

1 

.  _  .  .  _  \ 

12 

1 

1 

1 

13 

» 

1 

1 

...  1 

14 

1 

1 

1 

15 

.....  .... 

1 

1 

> 

16 

1 

17 

i 

CD 

( 

\ 

19 

—  — 

1 

1 

1 

1 

20 

1 

I 

1 

ITEM 

NO 

PART  NUMBER 

REV 

NOMENCLATURE 

QTY 

-1 

MATERIAL 
TYPE-ALLOY  1 

PARTS  LIST  NUMBER: PL610 154 


PAGE  1  OF  I 


PARTS  LIST  TITLE: 
PROJECT  NUMBER: 
INITIAL  RELEASE: 
REVISION  LTR: 
REVISION  DATE: 
ENGINE  USAGE: 

FILE  NAME: 


ACCUMULATOR  INSTL. 

25138 

10-23-90 


VT903 

TACCUMOl.XSS 


RAIL  PRESS. 


ITEM 

NO 

PART  NUMBER 

REV 

NOMENCLATURE  [QTY 

:  !-l 

MATERIAL  ! 

TYPE-ALLOY  ; 

1 

610154-1 

ACCUMULATOR  INSTL 

- 

- 

2 

90O&O|-^ 

. ACCUMULATOR 

0 

3 

610 

. BRACKET 

2 

4 

D90O^  n 

.FITTING-ADAPTER 

2 

5 

-O 

o 

. SCREW 

2 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

ITEM 

NO 

PART  NUMBER 

REV 

NOMENCLATURE 

QTY 

-1 

MATERIAL 

TYPE-ALLOY 

ALL  FULL  SIZE  DRAWINGS  INCLUDED  IN  APPENDIX  C  ARE  ATTACHED  TO  THIS 
REPORT  IN  A  SEPARATE  ENVELOPE 
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BKAA,  INC. 

DEVICE  SPECIFICATION 

TS-  122-B 

5141  SANTA  FE  STREET 

DATE:  9/13/93 

SAN  DIEGO,  CA  92109 

ELECTRONIC  CONTROL  UNIT 

PAGE  1  OF  3 

Engine  Control  System  Overview: 

The  Engine  Control  System  (ECS)  consists  of  the  following  hardware  items; 

Electronic  Control  Unit  (ECU) 

Fuel  Rail  Pressure  Transducer  (RPX) 

Engine  Coolant  Temperature  Sensor  (ECT) 

Air  Charge  Temperature  Sensor  (ACT) 

Manifold  Air  Pressure  Sensor  (MAP) 

Crankshaft  Position  Input  Pulse  Sensor  (PIP) 

Other  engine  sensors,  as  required 
Wiring  harness  assembly 

The  ECU  reads  engine  operating  parameters  from  the  sensors  and  outputs  signals  to  the 
fuel  injectors  in  response  to  those  parameters  as  determined  by  the  control  software. 
Depending  on  +*^e  engine  type  and  the  specific  fuel  used  other  outputs  -  such  as 
ignition,  idle  speed  contol,  fuel  pressure  control,  etc.  -  may  also  be  generated  by  the 
ECU. 

The  ECU  is  capable  of  controlling  o  wide  variety  of  engine  types  from  1  to  8  cylinders. 
The  maximum  speed  capability  depends  on  number  of  cylinders  and  the  complexity  of 
the  control  software. 

Various  engine  control  software  strategies  are  currently  available.  The  most  common 
strategies  may  be  broadly  classified  as  follows; 

Injection  &  Ignition  Timing 

Starting 

Idle  Control 

Torque  Shaping 

Fuel  /  Air  Ratio  Control 

Speed  Governing 

Fuel  Pressure  Regulation 

Altitude  Compensation 

Generic  control  software  may  be  customized  to  satisfy  the  specific  requirement  of  each 
engine  application. 

A  separate  piece  of  support  equipment,  the  Calibration  Interface,  connects  to  the  ECU 
and  permits  control  calibration  parameters  to  be  displayed  or  modified  during  engine 
operation.  This  unit  is  used  by  application  engineers  and  consists  of  an  MS-DOS 
fjersonal  computer,  a  serial  interface  adapter,  and  PC  software.  Once  the  calibration 
data  is  correct,  a  new  EPROM  may  be  programmed  and  installed  into  the  ECU. 
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BKM,  INC. 

DEVICE  SPECIFICATION 

1 

TS-  122-B  I 

5141  SANTA  FE  STREET 

DATE;  9/13/93  | 

SAN  DIEGO,  CA  92109 

PAGE  2  OF  3  1 

_ 1 

ECU  Specifications: 


Microprocessors:  8097  or  S0C196  main  processor  (CPU) 

80C51  or87C51  output  multiplexer  (MUX) 

Clock  Frequency:  12.00  MHz  CPU  (optional  16.00  MHz) 

16.00  MHz  MUX 


Memory: 


Analog  Inputs: 


Digital  Inputs: 


32  kByte  strategy  EPROM  or  ROM 

32  kByte  Static  RAM 

8  kByte  MUX  ROM  or  EPROM 

128  Byte  serial  EEPROM  (2  KByte  optional) 

8  Channels,  0-5  volt,  10  bit  resolution 
A/D  conversion  time,  22  mSec 

Typical  inputs  include:  throttle  position,  temperatures, 
pressures. 

3  high-speed  inputs,  TTL  voltage  levels 
Typcial  digital  input:  Crankshaft  position 


Outputs:  8  Injector  solenoid  drivers  (4  Amps  peak,  1  Amp  holding  current) 

1  electronic  pressure  regulator  solenoid  driver  (4A/1A) 

8  high  speed  logic  (400  mA  current  sink,  40V  maximum) 

5  low  speed  logic  (400  mA  current  sink,  40V  maximum) 

1  regulated  sensor  excitation  (+5.0  Volt  DC,  500  mA) 

1  Bipolar  stepper  motor  driver  (500mA  maximum) 


Power  Requirement:  Supply  Voltage:  8.0  to  16.0  Volts  DC  continuous 
Load  dump  and  transient  protection 

Supply  Current:  250  mA  standby  plus  up  to  1.0  amp  average 
current  draw  per  solenoid  driv,er. 


Environmental: 


Storage  Temperature: 
Operating  (air-cooled): 
Operating  (fuel-cooled) 
Altitude  (operating): 
Mechanical  Shock: 
Mechanical  Vibration: 
Humiditiy: 

Material  Compatibility: 
EMI: 


-40  to  +105  C 

-20  to  +60  C 

-20  to +105  C 

SL  to  3700  meters 

50  g  peak,  10  mS  duration 

4  g  at  5  to  200  Hz 

98% 

SAE J1211 
SAE  jni3 


Weight: 


68  oz. 


BKM,  INC. 
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SERVOJET 


II 

I 

I 

I 

I 


The  ultimate  electronic  interface 

you  need 

to  cut  cost  and  increase  performance. 


The  HSV  3000  is  a  high  speed  solenoid  valve 
designed  for  digital  control  of  pressure  or  flow. 

HSV  3000  -  HIGH  SPEED  SOLENOID  VALVE 
Control  Flow  or  Pressure  with  Pulse  Width  Modulation 
Operation  up  to  200  Hz 
Proven  lifespan  over  1  billion  cycles 

Excellent  for  a  wide  range  of  hydraulic  and  pneumatic  control  applications. 


Order  Information  Sheet 


HSV-3000  SERIES  SOLENOID  VALVES 


Patents  Issued  and  Pending 


To  order  valves:  Select  assembly  type,  material  and  coil  type 

•  Select  number  for  valve  type  and  pressure  desired. 

•  2W  =  Two  Way;  3W  =  Three  Way; 

•  NC  =  Normally  Closed;  NO  =  Normally  Open 

ASSEMBLY  NO. 


GROUP  1 

GROUP  3 

GROUP  5 

3020 

3050 

3070 

3100 

3200 

■HWS  3021 

3051 

3071 

3101 

3201 

HI  3022"°'' 

P  2 

3052 

GROl 

3072 

JP_4_  .  _ 

3102 

GROUP  6 

3202 

3053 

3073 

3103 

3203 

•  Select  material  required.  S  =  Stainless;  C  =  Carbon  Steel 


COIL  NO. 


•  Select  coil  type  required. 


Example:  To  order  a  2  way,  normally  closed,  stainless  valve  rated  750  psi  with 
a  24  volt  rapid  response  coil,  the  HSV  model  No.  would  be: 

HSV  MODEL  NO. 

3051  S3 

T  ^ - Coil  No. 

* - S  =  Stainless  Steel 

- Assembly  Type 


Orders  and/or  inquiries  should  be  made  to: 

SERVOJET  PRODUCTS  INTERNATIONAL 
5141  Santa  Fe  St.  •  San  Diego,  CA  92109 
(619)  259-6545  •  TLX  4991588  BKMSD  •  FAX  (619)  259-6681 


SP1  0388 


BKM,  Inc. 

ADVANCED 

PRODUCTS 


SPECIFICATION  SUMMARY 
RV-40  PUMP 


TS-076 

11/17/88 
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RV-40 

GENERAL 

NO.  OF  CYLINDERS 
RATED  RPM 

RATED  DELIVERY  PRESSURE 
MAXIMUM  DELIVERY  PRESSURE 
SUPPLY  PRESSURE 
B-10  LIFE  @  8620  kPa 
(1250  psi)  hours/rpm 
DISPLACEMENT/REV.  (Theor.) 
RATED  DELIVERY 


MEDIA 


PISTON 
DIAMETER 
PITCH  CIRCLE 
SWASH  PLATE 
STROKE 

RING  VAkLVE 

HOUSING  BORE  DIAMETER 

ECCENTRICITY 

FACE  O.D. 

FACE  I.D. 

CYLINDER  BLOCK 

PORT  PITCH  DIAMETER 
PORT  DIAMETER 


INPUT  SHT^T 

MOUNTING  FLANGE 


ENVELOPE 

LENGTH 

DIAMETER 

WEIGHT 


S.I.  UNITS 

7 

1850  RPM 

IN-LB 

UNITS 

10,345  kPa 

1,500 

psi 

13,790  kPa 

2,000 

psi 

100-170  kPa 

10,000/1,300 

14-25 

psi 

40.025  cc 

2.442 

•  “i 

74,046  cc/min 

4.519 

74  L/min 

Diesel 

Lube  oil 

19.56 

gpm 

20. 5  nun 

81. 5  nun 

17. 323  nun 

12° 

0.807  in. 
3.209  in. 

0.682  in. 

49.248  nun 
10.95  nun 
60.77  nun 
32.36  nun 

1.9383  in. 
0.4311  in. 
2.3925  in. 
1.274  in. 

41.10  nun 
13.95  mm 

SAE 

SAkE 

32-2 

127-2 

1.6181  in. 
0.5492  in. 

278  mm 

156  mm 

17.8  kg 

10.945  in. 
6.142  in. 
39.2  lbs. 

BKM.  Inc.  S141  Santa  Fa  Straat.  San  Oiego.  CA  92109  (714)  270-6760 


Model  K1  Pressure  Transmitter 


OASHCROFT 


PERFORMANCE  CHARACTERISTICS 
Standard  Ranges  (PSI): 


0/15* 

0/500 

0/10,000 

0.'30* 

0.'750 

0/15,000 

0/60 

0/1 .000 

0/20.000 

0/100 

0/2,000 

0/30  and  Vac.* 

0/150 

0/3.000 

0/45  and  Vac.* 

0/200 

0/5,000 

0/60  and  Vac* 

0/300 

0/7,500 

■  1  %  Accuracy  ranges  only 
Accuracy  Class  (F.S.) 


CL5% 

L(23i 

Non-ljn.(Term.  Pt.)* 

±0.4 

±0.7 

(B.F.S.L.)* 

±0.25 

±0.4 

Hysteresis 

±0.15 

±0.2 

Non-Repeatability 
•Including  hysteresis 

±0.05 

±0.07 

Durability; 

1 0*  cycles  0/ 1 00%  F .  S 
performance  loss 

.  with  no 

Overpressure:  (F.S.) 

0,15- 

0/3000- 

0/7500- 

0/2000 

0/5000 

20.0h) 

Proof  200% 

150% 

120% 

Burst  800% 

300% 

150% 

Response  time: 

Less  than  1  ms 

ENVIRONMENTAL  EFFECTS 
Humidity: 

No  performance  effect  at  95%  relative 
humidity-noncondensing. 

Position  Effect: 

Less  than  0.01  F.S. 


TEMPERATURE : 

Storage  -65/-^250°F 

Operating  -20/i- 1 80°  F 

Compensated  -20/+ 1 60°F 


Thermal  Coefficie  (68°F  ref.) 

Standard: 

0.5%  1% 

Zero  ±0.028%  F.S./'F  ±0.04%F.S7»F 

Span  ±0.028  ±0.04 

Optional: 

Zero  ±0.014  N/A 

Span  ±0.014  N/A 

0/60  ps>  rang«  available  m  lO  5%  accuracy  dasa  with 
rO.04%  thermal  coeffictems.  Mufb^  thermal 

coefficients  by  2  on  a'OO  psi  range  and  by  3  on  0/1 5  ps>  range. 


VIBRATION 

Less  than  ±0.1%  F.S.  efiect  for  0-2000  Hz  at 
20  g's  in  any  eixis. 

SHOCK 

Less  than  ±0.0S°/o  F.S.  effect  for  100  g’s,  20 
ms  shock  in  any  axis. 

ELECTRICAL 
Output  Signal: 

4-20  mA  (2  wire) 

0-5  VOC  (4  wire)* 

1-5  VDC  (3  wire) 

1-6  VDC  (3  wire) 

0-10  VDC  (4  wire)* 

"Signal  and  power  commons  (neg)  must  be 
electrically  isolated  from  each  other. 

Power  Requirements: 

10-30  VDC  Unregulated,  except  12-30  VDC 
for  0- 1 0  VDC  output 
Reverse  polarity  protected 

Supply  Current: 

Less  than  3.  mA  for  voltage  output. 

Output  Impedance: 

1 00  ohms 

Circuit  to  Case 
Insulation  Resistance; 

100  M  ohms  @  50  VDC 

PHYSICAL 

Weight:  2  oz,  (approx,  without  cable) 

MATERIALS 

Case; 

300  series  stainless  steel 

Cable: 

36*  braided  shield.  PVC  sheathing 

Diaphragm: 

1 7-4  PH  stainless  steel 

Standard  Process  Connections: 

(316  stainiess  steel) 

1/8  NPT  male  or  female 
1  /4  NPT  male  or  female 
1/4  SAE -3-514  (male) 

1/4  AMINCO  (female)  required  for  pressures 
over  1 0,000  psi. 


Calibration  report  is  standard  with  0.5% 
and  optional  with  1%  accuracy  units. 
Consult  factorv  on  other  pressure, 
temperature  or  product  packaging 
variations  available. 


Load  Limitations  4-20mA  Output  Only 

(",00.' 


V_='OV*[(.022A*(R_^^„jl 
'includes  a  1 0°L  safety  factor 


Dimensions 


INSTRUMENT  DIVISION 
STRATFORD.  CT  06497 


How  To  Order 


ASH  - 

a-g-  □: 

i]-g  -  r 

T 

Measurement  Type 

T 

Compensated  Range 

(G)  Gauge 

(0)-2a'*l60*F 

(S)  Sealed 

Model  Configuration 

1 

Accuracy 

1 

Thermal 

(K1) 

%F.S. 

Error 

(050)  0.5 

(3)  014%F,S/'F 

(100)  1.0 

(S)  .026 

(7)  .040 

Pressure  Connection 
(M01)  IrSNPT  M 
(F01)  i;8NPT-F 
(M02)  1/4NPT-M 
(F02)  1/4NPT-F 
(MRW)7M6-20 
SAe-J-5t4 
(F09)  AMINCO 
9/16-18  Female 


Output  Signal 
(05/  Q/SVOC 

(15)  1  5  VDC 
(42)  4/20  mA 

(16)  1/6  VDC 
(01)0/10  VDC 


EJectncal  Termination 

(F2)  36*cable.  braided  shield.  PVC  sheathmg  | 

(B4)  Bendix  4-pin#  PTO2A.0.4P- 
(B6)  Bendw  6-pin#  PT02 A- 1  o-6P’ 

{B8)WP  Bendix  4-pin#  PTC,2H.8-4P' 

(89)WP  Bendix  6*0in#  PTO2H-10-6P’ 

(J1)  J  Style  connector  (same  as  on  K5  model.  P  ssure 
with  mating  connector  and  36*  cable)  Range 

(Cl)  1/2  NPT-M  Conduit  (10C)  100  PSI 

(20000)  20000  PSJ 


*  mating  connector  available  as  accessory 


( 

V. 


s/90  15M 


(M)  MOTOROLA  INC. 

Automotive  and  Industrial  Electronics  Group 


PRODUCTS 


SILICON 

CAPACITIVE 

PRESSURE 

TRANSDUCER 


Motorola  AlEG's  silicon  capacitive  absolute  pressure  (SCAP) 
transducers  provide  a  digital  frequency  outpui  that  is  pro¬ 
portional  to  absolute  pressure.  Tvi^o  plates  of  a  variable  capa¬ 
citor  are  formed  by  mounting  a  silicon  diaphragm  o  i  a  metal¬ 
lized  glass  substrate.  The  measurement  effect  is  produced 
when  applied  pressure  creates  a  deflection  of  the  silico'  dia¬ 
phragm  resulting  in  a  change  in  capacitance.  This  semi¬ 
conductor  sensor  is  mounted  on  a  hybrid  substrate  con¬ 
taining  both  signal  conditioning  and  temperature  compensa¬ 
tion  circuitry  to  produce  a  reliable  and  durable  solid  state 
pressure  transducer.  The  transducers  are  available  as  sub- 
modules  consisting  of  the  substrate  only,  or  as  fully  packaged, 
environmentally  protected  modules. 


OPERATING  CHARACTERISTICS 


Pressure  Range: 

Temperature  Range; 
Supply  Voltage: 
Input  Current: 

EMI  Protection: 


1.7  to  15.2  psia(12to105  kPa) 
2.5  to  29.0  psia  (17to200kPa) 
-22  to  2^2°P  (-30  to  IOQOC) 
Vg  =  5.0  +  0.25  VDC 

1.5mA  typical 
7.5mA  maximum 

200  V/m  (1  MHz  -  1  GHz) 


TRANSFER  CURVE 


ACCURACY 


NOTE;  Includes  ell  error  sources,  except  linearity. 
Assumes  5  volt  supply. 


LINEARITY  ERROR 


NOTE:  Linearity  error  is  repeatable  and  is  calculated  by  subtracting 
nominal  values  from  best  fit  straight  line  values. 


,A^  MOTOROLA  INC. 

^ ^  Automotl¥9  end  IndusMtl  Eltctronics  Group 


1  \/ + 

2  OUT^'"'*' 

3  <&?6UiJ0 


FORM  NO.  6FM314S 


2/86 


COPYRIGHT  1986,  MOTOROLA,  INC. 


PRINTED  IN  U.S.A. 


MAPCAL.XLS 


Fl(^- K) 


BKM,  INC. 

MAP  TRANSDUCER  CALIBRATION  REPORT 

PROJECT;  TACOM 

PROJECT  NO.;  25138 

DATE;  4/16/93 


MAKE:  FORD 

PART  NO:  E43F  9F479  B2A 

S/N; 


VACUUM 

PRESSURE 

FREQ 

(IN  HG-G) 

(kPa-ABS) 

(Hz) 

-256 

14.9 

114.3 

-19.9 

34.3 

122.5 

-15.1 

50.6 

129.7 

-10.0 

67.9 

137.7 

-5.0 

84.8 

145.8 

0.0 

101.8 

154.4 

4.0 

115.4 

161.3 

12.9 

145.6 

178.0 

20.0 

169.7 

193.3 

CALIBRATION  BY:  VLD 
BAROMETER;  30.00  IN  HG 

TEMPERATURE;  70  DEG  F 

ECU  S/N: 


C*.w  .  BASIC  ENGINE  MODEL:  _ 

CUMMINS  ENGINE  COMPANY.  INC..  VTA-903-T  RC-3914 

Columtjus,  Indiana  47201  j  ENGINE  FAMILY:  CPL  CODE:  DATE: 

MILITARY  PERFORMANCE  CURVE  j  0383  4/12/79  I 

j  DISPLACEMENT:  9W  in^  t  14.8  litre)  ASPIRATION;  TURBOCHARGED  &  AFTERCOOLED  RATING; 

BORE:  5.5  in  (  140  mm)  STROKE; 4.75  in  (  121  mm)  NO.  OF  CYLINDERS;  8  HP  (kW)  «  H 


CURVE  NUMBER; 

RC--3914-A 
DATE:  BY: 

4/12/79  M.L.S. 


HP  (kW)  «  HPM 


EMISSION  CONTROL:  AFC 

1200  1— — U 


FUEL  SYSTEM:  PT 
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SOO  (373)  9  2600 

Maximum  fuil  Load  Govarnad  Spaad  *  2600 
Maximum  No  Load  Govamad  Spa  ad  •  2960  PP^^ 
Bi'aica  Hortapowar  >  0  at  2960  RPM 


1400  1600  1800  2000  2200  2400  2600 

ENGINE  SPEED  -  HPM 

qt.4nvM  (Wilontiwca  e»p«biMti«»  n  SAE  lUndard  JSIftb  condiliora  of  500  ft.  (iSOml  aititutla  (28.00**  Hfl 
I29®CI  ah  tnubo  l•RlfJW•tur•.  and  0.38**  Hq  iO.Bniin  H«)  waiar  «apo<  priMuca  wMi  No.  2  diaaal  lual. 


*<STXNVMK>S  DEPT. 


CERTIFIED  WITHIN  B%: 


CHIEF  ENGINEER 


POWER  OUTPUT  •  BHP 

(kW  =  RHP  X  0  7'Ri) 


r%  wv  »  n  1^  I  CW 

WH»rY  Engio*  Mpd«J:  VTA-903-T  April,  1979  Data  ShMt:  OS-39U 

GaiMrai  Engine  Data 

Rafartnee  Innallation  Drawing . . . .  .  3018663 

Maximum  Output  (500  ft.  &8S^F  1150m  8«29°Cl)-BHP0iW) .  5001373) 

Spaad  @  Maximum  Output— RPM .  2600 

Typa . *  Cyda:  90®  Vaa;  8  Cylindar 

Aapiration . Turbochargad  8t  Afttreoolad 

Bora— in.  (mm)  x  Stroke— in.  (mm) .  5.5  (140)  X  4.76  (121) 

Oitpiacamant— jn,3  (litre) .  903  (14.8) 

Compression  Ratio . 15.5:1 

Dry  Waight(with  nandard  accetsoria)— ib.  (leg) . .  2480(1110) 

Wat  Waightiwith  standard  accessories)— fb.  (kg) .  2580  (1170) 

C.G.  Distance  from  Front  Faca  of  Blodc-in.  (mm) . 

C.G.  Dlstanca  above  Crank  Canterlina-m.  (mm)  . 

Moment  of  Inertia  about  Crank  Cantarlina*— tbm.>ft^  (kg-m*) . 19J  (.68) 

*Stand8rd  Ertgina  Lass  Flywhad 


Engine  Mounting  ' 

Maximum  Allowabia  Bandirtg  Moment  at  Rear  Fact  of  Block— (N*<n) . 1(X)0  (1  3S0) 

Momam  of  Inertia  about  Roll  Axb-in.-lbf.-sae.^  |kg*m^) . 


Exhaust  System 

Maximum  Allowabia  Sack  Prasaure— irt.  Hg  (mm  Hg) . 3^  175) 

Exhaust  Pipe  Size  Normally  Aooeptibie-in.  (mm)  dia . . . 6.0(125} 


Air  Induction  Syttam 


Maximum  Allowabia  Intake  RestricDon-Claan  Elamant— in,  H^O  (mm  HjO) .  15  (380) 

-Dirty  Element— in.  (mm  .  25  (630) 

Minimum  Allowable  Dirt  Holding  C^>adty—g/CFM  (gWlCra''^*  a)  . .  25(53) 

Cooling  System 

Coolant  Capacity  (engine  only)— U.S.  qt.  (Iltrd .  38  (34) 

Starxiard  Thermostat— (modulaiirjg)— flange— ®F  l®C) .  170—188  (77-85) 

Maximum  Coolant  Pressure  (exclusive  of  pressure  cap)— PS|  (kPa) .  35  (241) 

Minimum  Allowable  Pressure  Cap-PSi  (kPa) . 7  (80) 

Maximum  Allowabia  Top  Tank  Tamparatura— **F  (®C) . 210  (99) 

Minimum  Racommandad  Top  Tank  Ttmptnturtf—®F  (®C)  .  . .  160(70) 

Minimum  Fill  Rat*-U.S.  GPM  (Irm/min) . . 5  (20) 

Maximum  Initial  Fill  Time-min  .  ...  . . 6 

Minimum  Coolant  Expansion  Space— Hof  System  Capacity . 5 

Maximum  Allowabia  Deaeration  Tima— min . 25 

Drawdown*  Must  Exceed  the  Volunta  Not  Filled  at  Initial  FKt 

Minimum  Allowable  Drawdown*-  U.S.qt  (litral  "  . 13  (12) 


*Drewdown  does  not  indude  expmion  space.  It  Is  suggested  that  Inldsl  design  be  at 
least  10%  of  system  capaetty. 


( 


Ljibrdation  System 

Oil  Pressure  9  Idla-PSl  IkPa) . 

O  Rated  Spaad-PSI  (kft) . 

Oil  Row  9  Maximum  Rated  Spe^  (nocninaO— U.S.  GPM  (litia/min) . . 

Flow  Reouirad  for  By-fiass  Filtar  at  No  Load  Governed  Spaed— U.S.  GPM  (Ntn/min)  .  . 

BY'Pasi  Filtar  Size— in,^  (litre) . 

By<Pass  Filtar  Capadty— U.S.  gal.  (IHm) . . . 

Oil  Capacity  of  Standard  Pan  (HigMovi4— U.S.  gal.  (litre)  . . 

Total  Systara  Capacity  of  Standard  Ei^na  .  —U.S.  gal.  (litre) .  .  . 

Angularity  of  Standard  Pan— P runt  Oosvn . - . 

-Front  Up . 

-SldeaoS!da . 


5-26  (34-1721 
30-65  (210-380) 
38(136) 


4.5-3.5  (17-13) 
8.5  (25) 

65® 

35® 

30® 


BY-PASS  FILTER  NOT  REOUtREO  ON  TACTICAL  VEHICLES 


Fuel  Syftam 

Maximum  Fuai  Consumption  €•  Rated  HP  &  Speed— ib./hr.  (kg/h)  .  . 

-U.S.  GPH  <Htre/h)  . 

Maximum  Fuel  Flow  to  Pump  @  Rated  HP  &  Speed-lbyhr.  (kg/h)  .  . 

-US.  GPH  (litre/hl 

iximum  Allowable  Raiuiction  to  Pump— Clean  Filter— in,  Hg  (mm  Hg) 

-Dirty  Filter-in,  Hg  (mm  Hg) 
Maximum  Allowable  Return  Lina  Renriction— In.  Hg  (mm  Hg)  .  ,  . 


139190) 

S(1OT) 

«»(422) 

131  (496) 

40(100) 

U(200) 

40(100) 


Qtethcal  System 

Minimum  Raeommanded  Battery  Capacity 

Cold  Soak  9  32°F  (0°C)  and  Above  -  1 2  volt  Starter  , 

-  24  volt  Starter  . 

Cold  Soak  (9  0°F  to  32®F  (-18®C  to  0^*0  -  12  volt  Starter 

-  24  volt  Starter 

Maximum  Allowable  Resistance  of  Starting  Circuit  — 

With  12  volt  Starter— Ohme . 

With  24  volt  Starter-Ohms  ,  .  .  .  . . 


0°F  CCA 
12B0 

6M 

1900 

900 

OjOOOTS 

0M2 


Performance  Data 

Ail  data  is  based  on  the  engine  operating  with  fuel  system,  water  pump,  lubricating  oil  pump,  air  deaner,  and 
muffler;  not  indudad  are  alternator,  compressor,  fan,  opbona)  equipment  and  driven  components  Data  ia  based  on 
operation  under  SAE  standard  JSiab  conditions  of  500  feet  (190m)  altitude  (29JX)in.  (736nunl  Hgdry  berometer), 
85'^F.  (29^Q  intake  air  temperature  and  0,28  in.  (S.Smm)  Hg  water  vapor  pressure,  using  No.  2  diesal  or  a  fuel 
corresponding  to  ASTM  02.  Ail  data  is  subiect  to  change  sslthaiit  notice. 


Performance  Curve . RC-^14— A 

Brake  Mean  Effective  Pressure  9  Rated  Pmner— PSl  (kPa) . . . 199  (1 196) 

9  1800  -  -PSI  (kPa) . 181  (1  110) 

Piston  Speed  9  2600  RPM— ftimin.  (m/i) . . . .  2066  (10.6) 

Friction  Horsepower  9  2600  RPM  (kW) . . . 98  (71) 

9  1  800  RFM  (kW) . SO  (37) 

Idle  Speod-RPM . . 806 

Maximum  No  Load  Governed  Speed— RPM .  2900 

Muimum  Overspeed  Capability- RPM . . .  3306 

Ttjue  Available  at  Qutdi  Engagement  (800  RPM)-4b.*ft.  IN-m) . .  800  (814) 

ivtinimum  Reoonunended  Combined  Converter  and  Hydraulic  Stall  Speed— RPM .  2800 

Thrust  Saan'ng  (.oed  Umit-Maximum  Intermittent— lb.  (N) .  2500  (11  000) 


—Maximum  Continuous— lb.  (N) . .  12S0  (S  500) 


Chart  Saiow  Reflects  Data  Based  on  Following  Variables  at  Conditions  of  Rated  Power: 


Coolant  Temperetur»-®F  (“C) .  188(88)  Air  Intalu  Restriction-in.  H;;0  Imm  H2O)  .  . 

Water  Inlet  Pressure— PSI  (kPa) . 7(80)  Air  Intaice  Temperature-op  PC)  ....... 

Blods  Pressure— PSI  (kPa) .  30  (207)  Exhaust  Restriction— in.  Hg  (mm  Hg)  .  .  2.0  (50) 


Outpet 

Speed 

Torque 

Air  Flew 

8>dHUCt(lM 

WMerFlow 

HmI 

Engine  Rellnei 

BMP 

(kWl 

RSM 

Lb-Ft 

(fHn) 

CFM 

(litie/t) 

CFM 

fllin/s) 

Tei.^''F 

TO 

UJLOPM 

(nvi/s) 

9TU/MIW 

(MV) 

Full  Power 

500 

(373) 

2800 

1010 

(1370) 

1100 

(819) 

3060 

(1439) 

1060 

(569) 

127  /5-  > 

(8<0) 

r4;0oa 

<246). 

Cheek  Paint 

330 

(248) 

1800 

963 

(1306) 

600 

(283) 

1680 

(793) 

1090 

(671) 

98''  / 

(5:6)  ' 

9j)oa 

(1^:' 

NOTE;  This  engine  ie  restricted  in  its  spplieition  to:  Military  Taetica)  Vabiefaa  Only. 


**— Redlator  coolant  flow  is  approximstely  8%  less  with  a  continuous  deaerating  tystem. 
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Engine  Model:  VTA— 903— T 
Drte  Sheet  No:  09-0914 
Deo:  April.  1979 
Bulletin  No: 


CUIMINS  ENGINE  CO..  INC  Columbue,  Indiana  47201 


Litho  bi  U.S.A. 


T»st  Report  TR-018 

Subject:  Preliminary  Test  of  WS-90  Turbo  Boost  System 
Date:  12-11-1990 

1.  Objective 

As  part  of  the  TACOM  Cold  Start  project,  a  modification  of  the 
variable  area  tail  pipe  slider  installed  on  a  WS-90  turbocharger 
may  present  an  opportunity  to  enhance  starting  as  well  as  serve 
the  main  purpose  of  fast  warm  up  and  boost  at  idle.  The 
objective  of  this  test  was  to  determine  the  effectiveness  of  a 
number  of  nozzles  incorporated  in  the  slider  to  spin  the  turbo  to 
a  speed  sufficient  to  develop  a  PR  of  approximately  1.1. 

2.  Procedure 

For  the  purposes  of  this  test,  10  nozzles  of  .0625  diameter  were 
drilled  around  the  periphery  of  the  slider  at  an  angle  of  30 
degrees  from  the  tangent  in  line  with  the  radial  volute.  The 
WS-90  was  installed  on  a  Cummins  NTC-400  with  a  diverter  block 
installed  between  the  exhaust  manifold  and  the  turbo  to  divert 
all  exhaust  to  the  radial  volute,  at  the  same  time  effectively 
blocking  and  isolating  the  axial  volute,  Fig.  l.  Pressure  and 
temperature  sensors  were  installed  in  the  intake  as  well  as  the 
exhaust  manifolds  with  a  mechanical  tachometer  used  to  measure 
engine  cranking  speed.  The  fuel  supply  pump  was  de— activated  to 
prevent  the  engine  from  starting. 

3.  Results  and  conclusions 

At  a  cranking  speed  of  180  RPM,  the  exhaust  back  pressure  was 
measured  at  12  PSIG  and  turbine  speed  was  estimated  at 
approximately  2000  RPM.  At  this  low  cranking  speed  and 
correspondingly  low  gas  volume  pumped  into  the  exhaust  manifold, 
the  smallest  leaks  will  have  a  large  effect  on  manifold  pressure. 
Leaks  can  exist  at  manifold  gaskets,  turbo  flanges  and  between 
the  slider  and  turbo  housing.  The  low  turbine  power  developed  at 
this  low  pressure  was  too  small  to  have  any  measureable  effect  on 
intake  manifold  pressure  or  temperature. 
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DATE:  12/21/90 
CINE:  91  NTC400 

TEST:  IDLE  TESTING  OF  STP  TURBO 

INTAKE  INTAKE 


TIME 

ENGINE 

TURBO 

MANIFOLD 

MANIFOLD 

EXHAUST 

EXHAUST 

TURBO 

COOLANT 

SPEED 

CONFIG. 

PRESSURE 

TEMP. 

PRESSURE 

TEMP. 

SPEED 

TEMP. 

rpm 

in  Rp 

daq  F 

P»i 

d»g  F 

rpm 

d«g  F 

:  ART-UP 

HITH  DYNO 

CONNECTED  -  MANOMETER  OFF 

SCALE 

10:05 

NA 

STC 

NA 

59 

>30 

400 

NA 

61 

rART-UP 

HITH  DYNO 

DISCONNECTED  -  MANOMETER  OFF  SCALE 

10:12 

NA 

STC 

'  1.5 

62 

>30 

380 

NA 

61 

'ART-UP  AND  RAN  HITE  SYNO  CONNECTED  HITE  GAUGE  MEASURING  EXHAUST  PRESSURE 
10:24  740  STC  3  /.5/  83  45  434  NOTE  1  61 

10:27  720  STC  2.6  58  C  42^  557  NOTE  2  61 

:UT  DOWN  AT  10:28  BECAUSE  BACKPRESSURS  HAS  ABOVE  SPECIFIED  VALUE 


'"•E8 

*7RB0  SPEED  APPEARED  TO  BE  ABOUT  4000  RPM„  BUT  SPEED  HAS  CHANGING  QUICKLY 
'  .iRD  TO  MEASURE,  BUT.  STROBE  NARK  HAS  STEADY  AT  1280  RPM  (COULD  BE  MULTIPLE) 


SIATEMiENT.  PP"  .  CBJECTIVE:..  Tc  teist  the  per-f  ormance  c-f  the  Stage  I 
turbocharger  corit  i  uur  ati  on  (imouise  noccle  in’,  el. )  ari  the:  'vTA-v'C-' 
The  engine  will  be  r■ur1  wii.:hiout  I  oad  trot;,  ’aw  d.’c  speed  htOO  RF 
up  tCi  the  speed  at  which  t^le  turbine  inlet  pressure  l  atiu  is  2. 
Tur'bine  and  ca;iipressor  inlet  sne  csutl  et  teiiiper'atur'es  and 
pressi..ires  will  be  recorded.  Tur'birie  speed  data  wy  1  1  i.lso  be 
taken . 


REFtiRENCES:  (Test  equipment)  Cummins  VTA-ROC  eripine  with 
ServojC5t.  injection  system  arid  twin  WS-90  TACGM  tur  bocliar  per  s . 

The  ;i.  mpi..i  j.  se  nc:::;ic-:-s  (30  hole  ;;  .125  dia.)  were  dr'illed  ir'to  t^'le 

turbine  slider  rings  and  inserted  into  the  Stage  .11  posi  tior. . 
e-Khiaust  oi  verter  valve  aind  a  speciadi.  block-o-Ft  pla.te  were 
installed  to  tot.ably  seal  the  accial  eKhaust  inlet  -  si  niul  at  i  rig 
the  Stage  I  cont i gurati on .  See  Figure  1. 

C'.§.?_y!lu.7.,.4p,^l?.l.  Based  on  eau'lier  bench  t.estirig.,  a  ta\'“get  pc;  nt  Fo 
combined  cFFiciency  vs  boost  p>res.sure  vva.s  cail  col  atG.'d  'Figure  2) 
A  compr'ec.scr  precisure  ratio  of  appron  i  matel  y  1.2  was  o'pected  a 
a  turbiris  pressure  ‘"a.tici  oF  2.0. 


R^yu~E;,  As  plocted  in  Figure  2..  the  resulting  combined 
eFFicieni'i  was  slightly  below  tiia  target  pioint,.  Tl;s  ccmipressor 
ratio  wav;'  i..  IS  at  a  turbine  pressure  r-atio  oi  2.01.  Exhaust 
pressure,  boost  p'-trssure ,  and  turbine  speed  \'s  encine  RFTi  aire 
plotted  in  Figures  3-6. 


Pr_epars;d  Sts  i  nnieyer 

Dater'”  5/2^9 i 


ui  cn  r.n  to 


Figure  1  Three  Stage  Operation 


Use  or  disclosure  of  data  confined  on  this  sheet  is  subject  to  the 
restriction  on  the  title  page  of  this  proposal  or  quotation 
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MAY  23,  1991 


Pc  out  —I—  Pt  In 
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TURBOCHARGER  PERFORMANCE 
STAGE  I  vs  STAGE  III 
VTA-903 


TURBINE  SPEED 


ENGINE  RPM 


TR-021 

January  24,  1991 
Prvpared  by:  D.  Steinmayer 


Objective:  To  guanti-fy  the  temperature  rise  in  the  inlet 

mani-fold  o-f  a  diesel  engine  while  cranking  with  various  inlet  and 
exhaust  valve  lash  con-figurations  and  various  exhaust 
restrictions.  The  maximum  mani-fold  air  temperature  is  desired 
as  an  aid  to  cold  starting.  No  attempt  was  made  to  actually 
start  the  test  engine. 

The  technique  proposed  includes:  1)  blocking  o-f-f  the  exhaust 
mani-fold  and  allowing  the  compressed  exhaust  air  to  blow  back 
into  the  cylinder  and  2)  holding  the  inlet  valve  open  a  small 
amount  so  that  the  heated  compressed  air  can  escape  into  the 
inlet  mani-fold  during  the  compression  stroke. 

Re-ferences:  A  Perkins  4.236  diesel  engine,  con-figured  as  a 

single  cylinder  research  engine,  was  the  test  subject.  The  bore 
diameter  is  3.873  inches,  stroke  is  S.OO  inches,  and  the 
compression  ratio  is  16.0  to  !.•  Only  the  #4  piston  and  rod  were 
installed.  The  exhaust  mani-fold  was  removed  and  replaced  with  a 
closed-end  tube,  16.5  inches  in  length  and  3.0  inches  in 
diameter.  This  exhaust  tube  was  shortened  to  10.0  inches  during 
the  test.  Since  the  engine  has  siamesed  exhaust  ports,  the 
adjacent  #3  exhaust  valve  was  clamped  shut  to  prevent  exhaust 
pressure  -From  escaping. 

The  engine  was  lubricated  with  an  external  electric  pump.  The 
•X metric  starter  was  used  to  crank  the  engine.  Each  test  was  30 
seconds  in  duration. 

An  Analog  Devices  microMac  5000  data  acquisition  system  was  used 
to  collect  -four  channels  o-f  temperature  data  at  2  second 
intervals.  Inlet  mani-fold  temperature  was  measured  in  2 
locations  —  immediately  upstream  (1.5  inches)  -from  the  #4  inlet 
port,  and  at  the  mani-fold  entrance  (19  inches  upstream).  A 
standard  Perkins  air  cleaner  was  installed  on  the  open  end  of  the 
manifold.  Exhaust  tube  temperature  was  taken  5  inches  downstream 
from  the  port.  Ambient  air  temperature  was  also  recorded.  J- 
type  thermocouple  sensors  (1/16"  diameter)  were  used.  All 

temperature  data  has  been  normalized  to  show  the  increase  over 
the  starting  ambient  temperature. 

Cylinder  and  exhaust  pressures  were  recorded  on  mechanical  gauges 
~and  total  engine  revolutions  were  recorded  during  each  test  on  a 
digital  counter. 

Results:  The  most  effective  inlet  air  heating  occurred  when  the 

exhaust  valve  was  disabled  (by  removing  the  pushrod)  and 
inlet  valve  held  open  0.010  inch.  This  results  in  a  compression 


Stroks  which  leaks  hot  air  into  the  inlet  manifold  during  each 
engine  revolution.  Figure  1  shows  the  manifold  temperature  vs 
time  under  these  conditions  (#8)  and  also  with  normal  enhaust 
valve  operation  and  the  16. S  inch  and  10.0  inch  exhaust  plugs  (03 
and  #11). 

Various  inlet  valve  lash  settings  were  evaluated  with  >0.010  inch 
being  the  optimum  for  this  engine.  Figure  2  shows  the 
temperature  rise  at  .OOS,  .010,  and  .015  inch.  Openings  of  .008 
and  .012  were  also  tested  and  exhibited  a  smaller  temperature 
rise  than  the  .010  setting. 

Several  tests  with  the  exhaust  and  inlet  valves  held  open  a  small 
amount  were  tested  as  shown  in  figure  3.  None  of  these 

combinations  were  as  effective  as  a  completely  disabled  exhaust 
in  heating  the  inlet  air. 

Finally,  a  set  of  baseline  tests,  with  a  fully  open  exhaust  pipe 
and  various  inlet  lash  settings,  were  conducted.  The  results  of 
these  tests  are  presented  in  figure  4. 

The  starter  current  draw  was  also  measured  during  the  final 
baseline  test  to  determine  the  electrical  power  input  during 
cranking.  We  found  that  with  standard  inlet  and  exhaust  lash  and 
an  open  exhaust  pipe,  the  starter  drew  1920  Watts.  Assuming  a 
starter  efficiency  of  40%,  this  equals  1.02  HP  or  0.72  BTU.  At 
the  optimum  configuration  for  maximum  inlet  air  heating  (-.010 
inlet  lash  and  the  exhaust  disabled) ,  the  starter  drew  2100 
Watts,  an  increase  of  about  9%. 

Recommen dat ions;  The  feasibility  of  using  compression  heating  to 
raise  inlet  manifold  temperatures  has  been  demonstrated. 

The  next  step  should  be  to  design  and  test  the  practical 
application  of  this  concept  to  a  running  multi -cylinder  engine. 
The  temperature  distribution  within  the  inlet  manifold  should  be 
measured  during  cranking  and  the  transition  to  running. 

Such  a  test  is  outside  the  scope  of  the  current  SBZR  project  but 
could  be  run  by  TACOM  at  its  cold-start  facility  or  elsewhere  as 
the  subject  of  a  future  project. 


T— t  Summary  I 


Test  No. 

In  Lash* 

Ex  Lash* 

Revs 

Cvl  Pres 

Ex  Pres 

Cflwagntg 

1 

+0.010" 

+0.018" 

134 

42Spsi 

40psi 

16.3x3  ex 

•  2 

-O.OOS 

+0.018 

160 

260 

3 

M 

3 

-0.010 

+0.018 

160 

130 

2 

M 

4 

-0.020 

+0.018 

170 

27 

.3 

H 

5 

-0.013 

+0.018 

168 

43 

1 

M 

h 

+0.010 

- 

137 

433 

— 

exh  disabled 

7 

-0.003 

— 

133 

270 

- 

M 

8  . 

-0.010 

- 

134 

90 

- 

N 

9 

-0.013 

- 

163 

20 

— 

N 

10 

+0.010 

+0.018 

139 

430 

40 

10x3  exh 

11 

-0.010 

+0.018 

162 

73 

1 

n 

12 

-0.008 

- 

144 

133 

- 

exh  disabled 

13 

-0.010 

- 

149 

60 

- 

n 

14 

-0.012 

— 

136 

40 

- 

II 

IS 

-0.010 

-O.OOS 

161 

33 

1 

10x3  exh 

16 

-0.010 

-O.OlO 

168 

IS 

.3 

M 

17 

-0. 003 

-0. 003 

162 

ISO 

1 

II 

18 

-0.010 

— 

149 

SO 

— 

exh  disabled 

19 

-0.010 

+0.018 

139 

•  70 

mm 

open  exhaust 

•  -^20 

,  +0.010 

+0.018 

163 

430 

- 

II 

•  A  ('*>)  lash  indicates  standard  running  clearance  and  a 
(<-)  lash  indicates  that  the  valve  is  held  open  the 
amount  indicated  o-f-F  the  seat* 
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Analysis  of  a  High  Pressure  Injection  System 

Executive  Summary 


This  final  report  represents  the  results  of  an  investigation  of  a  high  pressure  injection  system 
operated  with  six  different  injectors/nozzle  configurations.  The  purpose  of  the  investigation  was 
to  obtain  high  speed  photographs  of  the  injection  process,  and  analyze  the  effects  of  nozzle 
configurations  on  the  cylinder  pressure  and  heat  release  during  the  combustion  process  within 
the  cylinder. 

Injecting  fue»  into  the  cylinder  head  at  higher  pressure  results  in  a  finer  fuel  mist  which 
facilitates  mixing.  It  is  believed  that  better  mixture  of  air  and  fuel  improves  ignition  and 
combustion.  This  is  countered  with  the  fact  that  higher  injection  pressures  may  cause  fuel  wall 
wetting  and  increase  smoke  in  the  exhaust.  Hopefully,  the  results  of  this  investigation  will  lead 
to  a  better  understanding  of  these  interacting  phenomena. 

The  injectors  were  tested  at  a  nominal  rail  pressure  of  800  and  1500  pounds  per  square  inch  (psi) 
The  engine  used  was  a  modified  three  cylinder,  two-stroke  353  Detroit  Diesel  engine.  One 
cylinder  was  modified  to  allow  viewing  and  high  speed  filming  of  the  combustion  process.  This 
was  achieved  by  extending  the  cylinder  and  placing  a  clear  round  quartz  crystal  in  the  piston 
head.  Engine  speed  was  approximately  900  rpm.  Instantaneous  cylinder  pressure  was  obtained 
with  an  in-cylinder  pressure  transducer  together  with  a  Hall  effect  sensor  to  locate  crank  angle 
position  and  recorded  data  with  a  data  acquisition  system.  The  data  was  then  transferred  into 
the  DAYDISP  computer  program  and  manipulated  to  extract  the  information  desired  for  the 
tests.  The  information  was  then  exported  to  Lotus  123  and  further  manipulated  to  produce  the 
graphs  included  in  this  report. 

The  major  observation  that  emerges  from  the  analysis  of  these  tests  is  that  the  injector  with  a 
nozzle  configuration  of  8  x  0.006  and  0.002  inch  prelift,  showed  the  best  overall  results.  While  aU 
injectors  produced  relatively  high  smoke  levels,  the  8  x  .006  nozzle  without  prelift  displayed  the 
highest  smokemeter  readings  and  the  6  x  .006  nozzle  the  lowest.  The  high  overall  smoke  can  be 
explained  by  the  fact  that  combustion  begins  at  the  cylinder  walls.  Some  fuel  may  have  been 
deposited  on  the  walls,  and  not  have  been  ignited  or  burned  completely.  This  incomplete  burning 
will  result  in  larger  carbon  particles  reaching  the  exhaust  ports  and  flowing  through  the  exhaust 
system.  If  the  wall  wetting  was  eliminated,  the  smokemeter  readings  would  be  more  in  line  with 
those  of  other  injectors  used  on  this  engine. 

The  8  X  0.006  nozzle  with  0.002  prelift  was  judged  to  be  the  best  overall  choice  for  the  following 
reasons:  (1)  This  injector  produces  the  highest  cylinder  pressures,  7.67  MPa  at  800  psi  and  9.05 
MPa  at  1500  psi;  (2)  The  rate  of  heat  release  is  roughly  163.89  kJ  at  800  psi  and  409  kJ  at  1500 
psi.  These  values  are  nearly  even  with  the  rest  of  the  injectors;  (3)  The  cumulative  heat  release 
cvirves  show  a  value  of  1.3  MJ  at  800  psi  and  an  average  value  of  1,18  MJ  at  1500  psi. 

The  recommendation  reached  is  that  testing  should  be  continued  using  the  8  x  .006  nozzle,  with 
prelift,  in  a  fully  operational  engine.  This  injector  should  also  be  tested  in  an  experimental 
vehicle  under  actual  road  and  load  conditions. 
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1. 


INTRODUCTION 


This  report  discusses  the  effects  of  nozzle  configuration  of  a  high  pressure  diesel  injector 
on  heat  release  and  cylinder  pressure  in  a  diesel  engine  modified  for  optical  access.  With 
this  setup,  it  was  possible  to  observe  ignition  and  subsequent  combustion  and  complement 
heat  release  calculations  in  the  investigation  of  this  high  pressure  injection  system.  This 
work  represents  a  continuing  study  into  the  diesel  injection  process  utilizing  visual  aids, 
such  as  high  speed  photography.  Previous  work  is  reported  in  the  literature  (1-4). 

The  high  pressure  injection  system  investigated  in  this  study  produces  fuel  sprays  in  the 
range  of  15,000  to  20,000  psi,  oi  about  double  the  pressures  produced  by  a  typical  unit 
injector.  This  system  is  especially  effective  at  lower  speeds  where  typical  unit  injectors 
have  very  low  injection  pressure  capability.  A  brief  description  of  this  system  is  included 
in  the  Experimental  Setup  section  of  this  report. 

Better  atomization  of  fuel  occurs  by  injecting  diesel  fuel  at  high  pressure.  The 
atomization  of  the  fuel  is  also  influenced  by  the  hole  configuration,  i.e.,  number  of  holes 
and  diameter.  The  increased  atomization  of  the  diesel  fuel  facilitates  the  ignition 
combustion  process.  Since  the  droplet  sizes  are  smaller  than  in  a  regular  diesel  injection 
system,  the  probability  for  complete  combustion  rises  considerably.  Less  fuel  will  "wet" 
the  cylinder  walls  or  be  lost  in  the  crevices  of  the  piston  and  its  rings. 

The  objective  of  this  study  experimentally  investigates  the  ignition  and  combustion 
characteristics  of  the  high  pressure  injection  system  with  both  high  speed  photography 
and  conventional  heat  release  calculations.  Six  different  nozzle  configurations  were 
investigated  at  approximately  900  rpm  and  two  loads  resulting  in  twelve  experiments. 

Heat  release  calculations,  based  upon  cylinder  pressure  data,  are  based  upon  Heywood 
(5),  and  are  integral  to  the  data  acquisition  system  manufactured  by  DAYDISP  (6).  The 
results  of  these  experiments  will  aid  in  the  development  of  efficient  high  pressure  diesel 
injection  engines  for  military  and  transportation  uses. 

2.  EXPERIMENTAL  SETUP 

The  engine  used  in  the  study  was  a  modified  Detroit  Diesel  Allison  (DDA)  3-53  (Model 
5033-8300).  The  engine  is  a  three -cylinder,  two-stroke  direct  injected  diesel  engine  with 
angled  intake  ports  and  four  exhaust  valves  per  cylinder  providing  moderate  swirl  with 
"through"  scavenging.  A  detailed  presentation  covering  the  modification  of  the  engine  for 
optical  access  is  given  in  Reference  1.  A  schematic  of  the  modified  engine  is  shown  in 
Figure  1.  Specifications  of  the  engine,  as  supplied  by  Detroit  Diesel,  are  given  in  Table  1. 

The  injection  system  consists  of  the  following  components:  (1)  SE-4D  Electronics  Engine 
Controller  (EEC),  (2)  Servojet  fuel  supply  module,  (3)  Hall  effect  transducer,  (4)  rail 
pressure  solenoid,  (5)  12  volt/10  amp  power  supply,  and  (6)  electronic  injector. 
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Figure  1.  ModiHed  Diesel  Engine 


Detroit  Diesel  Model  # 

Engine  Tspe 

Combustion  Type 

No.  of  Cylinders 

Displacement 

Bore 

Stroke 

Aspiration 

Normal  Coolant  Temp. 
Compression  Ratio 
Combustion  chamber 
Injector  (5AS0) 

Nozzle  Opening  Pres. 
Airbox  Pressure 


5033-8200 

2  cycle 

Direct  Injection 

3 

159  in^ 

3.8T5  in. 

4.50  in. 

Blower,  turbocharger 

180F 

18.7:1 

Mexican  Hat  Open 
8  Hole 
3500  psig 
37  in.  Hg. 


Table  1.  Engine  Specifications 


The  EEC  allows  manual  control  of  the  injector  without  interfering  with  any  of  the  other 
components.  From  the  EEC,  energize  time,  frequency,  and  injection  count  are  displayed. 
The  fuel  supply  module  contains  the  hydraulic  pump,  electronic  pressure  regulator  (EPR), 
and  fuel  temperature  controller.  This  apparatus  allows  the  fuel  to  be  supplied  to  the  fuel 
injector  at  the  desired  pressure.  The  Hall  effect  transducer  is  used  to  sense  engine 
position  for  injection  timing  and  engine  speed.  The  EPR  controls  the  fuel  pressure 
delivered  to  the  injector.  (The  nominal  injected  quantity  was  34mm3  per  injection  at  a 
rail  pressure  of  800  psi  and  54mm3  at  1500  psi.) 

The  injectors  evaluated  in  this  study  are  electronically  controlled  via  the  EEC  unit. 

Within  the  injector  body,  a  solenoid  controls  the  opening  and  closing  of  the  needle  valve 
that  allows  fuel  to  be  injected.  All  nozzles  tested  had  a  spray  cone  angle  of  165  degrees. 
The  nozzle  had  either  six,  seven,  or  eight  holes  with  a  diameter  of  0.006  or  0.007  inches. 
Some  of  the  injectors  had  rate  shaping  or  a  prelift,  which  is  indicated  in  the  accompanying 
data. 

In-cylinder  pressure  was  measured  using  a  Kistler  Model  601  piezoelectric  pressure 
transducer.  The  signal  was  sent  to  an  IBM  PC-based  oscilloscope  using  a  Rapid  Systems 
R1005  Digital  Oscilloscope  interface. 

The  high  speed  camera  used  in  this  study  was  a  HYCAM  model  41-0004.  Actual  film 
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speeds  of  up  to  10.000  frames  per  second  are  made  possible  through  the  use  of  high  speed 
rotating  prisms  used  in  the  design  of  the  camera.  The  film  used  was  250  ft.  rolls  of  16mm 
high  speed  Kodak  Ektachrome  (color)  video  news  film.  Approximately  ten  engine  cycles 
were  recorded  on  each  250  ft.  roll  of  film.  Photography  lasted  about  three  seconds  at 
maximum  film  speeds  of  5,000  to  8,000  frames  per  second. 

3.  RESULTS  AND  DISCUSSION 

Experimental  Results  from  High  Speed  Photography.  Six  different  injector  and/or 
nozzle  configurations  were  evaluated  at  two  loads  (Sdmm^  and  Sdmm^  of  fuel  delivery) 
resulting  in  twelve  experimental  runs.  Speed  was  held  constant  at  approximately  900 
rpm  for  all  tests.  Intake  plenum  pressure  was  held  at  approximately  1.8  to  2.0  psi  for  all 
tests.  Resvdts  and  discussion  of  these  runs  are  given  in  this  section  on  the  following 
pages. 

The  foUowng  nozzle  combinations  were  tested; 


Run  No. 

S/N 

Hole  Configuration 

%  Rate  Shaping 

1,2 

303 

8  X  0.006" 

0 

3.4 

304 

7  X  0.007" 

0 

5.6 

303 

6  X  0.006" 

10 

7.8 

304 

7  X  0.007" 

15 

9.  10 

304 

8  X  0.006" 

15 

11.  12 

303 

6  X  0.006" 

0 
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In  Run  1,  shown  at  the  right,  ignition  begins 
at  the  end  of  the  fuel  spray  lobe  at  approximately  4 
degrees  after  top  dead  center,  and  then  bums  inward 
and  spreads  throughout  the  chamber  because  of  the 
existing  swirl.  This  is  typical  of  diesel  combustion 
observed  with  lower  pressure  injection  systems 
although  the  rate  of  bum  is  somewhat  higher  and 
ignition  appears  to  be  initiated  from  a  single  source 
at  each  fuel  lobe  rather  than  multi-point  ignition 
typical  of  lower  pressure  injection  systems. 


Run  2  is  the  higher  load  condition  of  Run  1. 
Here  ignition  occurs  within  the  access  of  the  fuel 
spray  lobe  at  4  degrees  after  top  dead  center  and 
bums  outward  as  expected.  Swirl  has  a  much  lesser 
effect,  or  at  least  it  is  not  observed  probably  because 
the  very  rapid  rate  of  combustion.  Hame  spreads 
from  the  initial  ignition  points  approximately  4 
degrees  after  top  dead  center  to  throughout  the 
chamber  at  8  degrees  after  top  dead  center.  Flame 
movement  appears  to  be  outward,  as  opposed  to  Run 
1  where  flame  movement  was  inward. 


Run: 

1 

Nozzle  Model: 

303 

Rate  Shaping: 

0% 

Nozzle  Configuration: 

8  -  0.006 

Rail  Pressure: 

800  psi 

Fuel  Delivery: 

34  mm^ 

Run; 

2 

Nozzle  Model: 

303 

Rate  Shaping: 

0% 

Nozzle  Configuration; 

8  -  0.006 

Rail  Fh-essure: 

1150  psi 

Fuel  Delivery: 

46  mm^ 
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With  Run  3  shown  at  the  right,  ignition 
appears  to  initiate  at  the  walls  of  the  combustion 
chamber.  Spray  is  visible  at  3  degrees  btde. 
Combustion  becomes  visible  from  the 
circumference  of  the  chamber  at  approximately  6 
degrees  atdc  and  then  bums  inward.  At 
approximately  8-10  degrees  atdc  at  the  center  of  the 
chamber,  perhaps  due  to  nozzle  dripping  following 
the  injection  event. 


Run  4  is  the  higher  load  condition  of  Run  3. 
Here  ignition  occurs  within  the  fuel  spray  lobe  at 
top  dead  center  and  bums  outward  as  expected. 
Swirl  has  a  small  effect  initially,  but  as  combustion 
develops,  swirl  assists  the  main  combustion  event  to 
spread  throughout  the  chamber.  The  entire  chamber 
is  combusting  at  4-8  degrees  after  top  dead  center. 
Small  droplets  do  appear,  as  in  Run  3,  due  to  fuel 
dripping  ^m  the  nozzle. 


Run: 

3 

Nozzle  Model: 

304 

Rate  Shaping: 

0% 

Nozzle  Configuration: 

7  -  0.007 

Rail  Pressure: 

800  psi 

Fuel  Delivery; 

34  mm^ 

Run; 

4 

Nozzle  Model: 

304 

Rate  Shaping: 

0% 

Nozzle  Configuration: 

7  -  0.007 

Rail  Pressure: 

1500  psi 

Fuel  Delivery: 

54  mm^ 

Anaiysis  of  a  High  Pressure  injection  System 
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In  Run  5,  ignition  occurs  within  the  lobe  of 
the  fuel  spray  along  the  access  and  appears  to  bum 
inward  as  in  Run  4.  Combustion  is  obviously  taking 
place  around  the  circumference  of  the  cylinder  walls 
and  ignition  may  occur  there  as  well,  perhaps  due  to 
fuel  wetting  of  the  cylinder  walls.  Combustion  is 
relatively  late  in  the  cycle,  first  observed  at  8 
degrees  after  top  dead  center  and  then  at  12  degrees 
after  top  dead  center  the  complete  fuels  spray 
appears  to  be  engulfed  in  flames.  Most  of  the 
combustion  occurs  near  the  cylinder  walls,  far  away 
from  the  center  of  the  combustion  chamber. 


Run  6  is  the  higher  load  of  Run  5.  Here,  the 
phenomena  observed  in  Run  3  are  significantly 
enhanced.  Combustion  is  first  observed  at  about  3 
degrees  after  top  dead  center  and  bums  quite  rapidly 
within  three  degrees  the  entire  combustion  chamber 
is  engulfed  in  flame.  There  appears  to  be  no 
movement  of  the  charge  due  to  air  motion,  probably 
due  to  the  rapid  combustion.  There  is  some  nozzle 
dripping  which  combusts  later  on  in  the  cycle, 
approximately  8  degrees  after  top  dead  center. 


Run: 

5 

Nozzle  Model: 

303 

Rate  Shaping: 

10% 

Nozzle  Configuration: 

6  -  0.006 

Rail  Pressure: 

800  psi 

Fuel  Delivery: 

34  mm^ 

Run: 

6 

Nozzle  Model: 

303 

Rate  Shaping: 

10% 

Nozzle  Configuration: 

6  -  0.006 

Rail  Pressure: 

1500  psi 

Fuel  Delivery: 

54  mm^ 
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In  Run  7,  combustion  begins  near  the  center 
of  the  combustion  chamber,  relatively  early  when 
compared  with  the  previous  runs.  Combustion 
initiates  at  approximately  0  degrees  top  dead  center 
on  the  axis  of  the  fuel  lobe,  close  to  the  combustion 
chamber  center.  It  then  progresses  in  a  normal 
outwardly  fashion.  Rame  movement  appears  to 
move  firom  the  center  outward,  with  some  small 
swirl  efifecL  Combustion  appears  to  be  thorough 
and  spreads  throughout  the  chamber  in  a  fairly 
organized  manner. 


Run  8  appears  very  similar  to  Run  7  in  that 
combustion  initiates  near  the  center  of  the 
combustion  chamber  along  the  axis  of  the  fuel  lobe 
and  then  spreads  outward  to  fill  the  chamber.  There 
is  some  affect  due  to  the  air  swirl  in  the  combustion 
chamber.  However,  like  Run  7,  combustion  appears 
to  occur  in  a  relatively  organized  manner.  There  is 
no  fuel  wetting  of  the  cylinder  wall. 


Run: 

7 

Nozzle  Model: 

304 

.  Rate  Shaping; 

15% 

Nozzle  Configuration: 

7  -  0.007 

Rail  Pressure: 

800  psi 

Fuel  Delivery; 

34  mm^ 

Run: 

8 

Nozzle  Model: 

304 

Rate  Shaping: 

15% 

Nozzle  Configuration; 

7  -  0.007 

Rail  Pressure: 

1500  psi 

Fuel  Delivery: 

54  mm^ 
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In  Run  9,  combustion  begins  along  the  axis 
close  to  the  center,  but  further  out  from  the  center 
than  the  previous  two  runs.  Combustion  initiates 
along  a  greater  length  of  the  axis  lobe,  observed  at 
approximately  3  degrees  before  top  dead  center  and 
then  moving  out  through  the  combustion  chamber  at 
5  degrees  after  top  dead  center  combustion  appears 
to  fill  the  entire  chamber.  This  is  a  relatively  slower 
burning  process  when  compared  to  previous  runs. 
Swirl  does  have  an  effect  on  the  spread  of  the  flames 
throughout  the  combustion  chamber. 


In  Run  10,  combustion  clearly  begins  at  the 
cylinder  walls,  probably  due  to  fuel  wetting, 
although  it  is  difficult  to  observe  because 
combustion  initiates  quite  rapidly  and  the  ignition 
process  is  caught  between  frames  of  the  camera.  At 
-5  degrees  before  top  dead  center,  flame  is  observed 
and  combustion  continues  rapidly.  At  -1  degree 
before  top  dead  center,  the  entire  chamber  is 
engulfed  in  flames.  Flame  movement  appears  to 
move  from  the  outward  circumference  of  the 
chamber  inward. 


Run: 

9 

Nozzle  Model: 

304 

Rate  Shaping: 

15% 

Nozzle  Qjnfiguration: 

8  -  0.006 

with  0.002  prelift 

Rail  Pressure: 

800  psi 

Fuel  Delivery: 

34  mm^ 

Run; 

10 

Nozzle  Model: 

304 

Rate  Shaping: 

15% 

Nozzle  Configuration: 

8  -  0.006 

with  0.002  prelift 

Rail  Pressure: 

1500psi 

Fuel  Delivery: 

54  mm^ 
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Run  11,  like  Run  10,  fuel  wetting  is 
observed  on  the  cylinder  walls.  Combustion 
occurs  relatively  early  at  -5  degrees  before  top 
dead  center.  Flame  is  observed  at  2  degrees  before 
top  dead  center  and  is  moving  inward  at  0  degrees, 
or  top  dead  center,  the  entire  combustion  chamber 
is  engulfed  in  flame.  Swirl  does  not  appear  to 
have  an  effect  on  the  flame  spread. 


In  Run  12  combustion  again  begins  at  the 
circumference  of  the  cylinder  walls.  It  appears 
that  ignition  is  relatively  early  in  the  cycle  at 
approximately  0  degrees,  or  top  dead  center,  and 
the  flame  throughout  the  chamber  is  observed  at  3 
degrees  after  top  dead  center  moving  inward.  At  5 
degrees  after  top  dead  center,  it  appears  the  entire 
charge  is  ignited.  There  is  some  nozzle  dripping 
occurring  in  this  cycle  which  is  combusting. 
Combustion  occurs  around  3  degrees  after  top 
dead  center.  Swirl  does  not  seem  to  have  an  effect 
on  the  combustion  process.  The  driving  force  in 
flame  spread  appears  to  be  the  movement  from  the 
combustion  front  at  the  cylinder  walls  moving 
inward  toward  the  center. 


Analysis  qf  a  High  Pressure  Injection  System 


Run: 

11 

Nozzle  Model: 

303 

Rate  Shaping: 

0% 

Nozzle  Configuration: 

6  -  0.006 

Rail  Pressure: 

800  psi 

Fuel  Delivery: 

34  mm^ 

Run: 

12 

Nozzle  Model: 

303 

Rate  Shaping: 

0% 

Nozzle  Configuration: 

6  -  0.006 

Rail  Pressure; 

1500  psi 

Fuel  Delivery: 

54  mm^ 
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Comparison  of  Runs: 

Combustion  pressure  data  for  the  injectors  is  shown  in  Figure  2  (800  psi  rail  pressure) 
and  in  Figure  3  (1500  psi).  At  800  psi  rail  pressure,  the  8  x  0.006  and  6  x  0.006  injectors 
generate  the  greatest  amount  of  cylinder  pressure,  7.5  MPA  and  7  MPa  respectively, 
while  the  6  x  0.006  with  prelift  and  7  x  0.007  are  roughly  equal  at  about  5  MPa.  Peak 
cylinder  pressure  occurs  between  3  and  8.5  crankangle  degrees.  The  7  x  0.007  and  6  x 
0.006  with  prelift  show  the  most  pronounced  injection  delay.  The  other  injectors  show  a 
smoother  transition  period  between  injection  and  combustion. 

At  1500  psi  rail,  the  8  x  0.006  with  prelift  generates  9  MPa  of  cyhnder  pressure  and  the 
other  injectors  have  a  value  of  roughly  7  MPa.  Peak  pressure  occurs  between  2.75  and  14 
crankangle  degrees  at  this  injection  pressure.  As  was  the  case  at  800  psi  rail,  the  7  x 
0.007  and  6  x  0.006  with  prelift  show  the  most  injection  delay. 

Rate  of  heat  release  is  the  rate  chemical  energy  is  released  during  the  combustion  process. 
A  non-spatial  thermodynamic  model  from  Heywood  (5)  was  used  to  calculate  heat  release 
from  pressure  and  volume  data.  This  equation  was  incorporated  into  a  computer  program 
called  DAYDISP  (6)  that  allowed  manipulation  of  the  data  gathered  from  the  engine. 

After  the  data  was  manipulated  within  DAYDISP,  it  was  exported  to  Lotus  and  converted 
into  graphics. 

The  rate  of  heat  release  of  all  injectors  operating  at  800  psi  rail  pressure  is  shown  in 
Figxure  4.  The  different  nozzle  configurations  show  very  different  characteristics.  The 
most  interesting  feature  of  this  graph  is  that  the  6  x  0.006  with  prelift  released 
approximately  1300  kilo  joules  of  heat.  This  is  almost  six  times  the  heat  release  of  the 
other  injectors.  The  reason  for  this  anomaly  is  not  known.  It  could  be  explained  by 
faulty  injector  operation  or  an  instrumentation  error. 

Injector  303  8  x  0.006  had  the  highest  rate  of  heat  release  of  roughly  200  kilo  joules.  The 
6  X  0.006  and  8  x  0.006  with  prelift  nozzles  had  heat  release  levels  of  approximately  165 
kilo  joules.  The  7  x  0.007  injector  shows  the  lowest  rate  of  heat  release  at  75  kilo  joules. 

In  the  experiments  that  were  run,  the  maximum  rate  of  heat  release  occurred  between  2.5 
and  +10  crankangle  degrees  for  all  of  the  injectors. 

Rate  of  heat  release  for  four  of  the  injectors  operating  at  a  system  pressure  of  1500  psi  is 
shown  in  Figure  5.  At  this  injection  pressure,  three  of  the  injectors  show  very  similar 
results  with  a  rate  of  heat  release  of  400  kilo  joules.  The  7  x  0.007  shows  the  lowest  heat 
release  at  200  kilo  joules  which  occurs  at  8.61  degrees.  This  value  is  approximately  50% 
less  than  the  other  three  injectors  and  occurs  the  latest.  The  maximum  rate  of  heat 
release  at  this  rail  pressure  occurs  between  -2.5  and  +8.61  crankangle  degrees  for  all  of 
the  injectors.  The  first  injector  tested  (Run  2)  is  not  included  here  because  a  system 
pressure  of  1 150  psi  was  used  during  that  run  and  the  data  cannot  be  compared. 

Cumulative  heat  release  for  the  injectors  at  a  system  pressure  of  800  psi  is  shown  in 
Figure  6.  The  8  x  0.006  showed  a  cumulative  heat  release  of  approximately  2300  kilo 
joules.  This  value  is  75%  greater  than  the  next  injector.  The  result  for  this  injector 
suggests  that  an  injector  with  more  holes  releases  greater  cumulative  heat  than  an 
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injector  with  fewer  holes.  The  8  x  0.006  with  prelift  showed  a  cumulative  heat  release  of 
almost  1300  kilo  joules.  The  6  x  0.006  nozzle  was  next  with  a  cumulative  heat  release  of 
700  kilo  joules.  The  last  two  injectors,  6  x  0.006  with  prelift  and  7  x  0.007  showed  the 
lowest  results  at  roughly  400  kilo  joules.  Cumulative  heat  release  occurs  between  1 1  and 
20  crankangle  degrees. 

Cumulative  heat  release  for  four  of  the  injectors  at  the  higher  system  pressure  of  1500  psi 
is  shown  in  Figure  7.  The  results  of  cumulative  heat  release  at  this  injection  pressure 
show  that  the  two  injectors  with  prelift  show  the  poorest  results.  Injector  304  7  x  0.007 
and  303  6  x  0.006  each  had  a  cumulative  heat  release  of  nearly  1700  kilo  joules,  while 
injector  303  6  x  0.006  with  prehft  and  304  8  x  0.006  with  prehft  show  cumulative  heat 
release  of  900  and  1100  kilo  joules  respectively.  This  would  indicate  that  at  high 
pressures  an  injector  with  prelift  is  not  desirable.  The  injectors  bad  a  range  of  9.3  to  24.5 
crankangle  degrees  for  the  maximum  cumulative  heat  release  at  this  injection  pressure. 


Smokemeter  Results: 

Smokemeter  measurements  are  shown  in  Figure  8.  The  8  x  .006  nozzle,  without  prelift, 
displayed  the  highest  smokemeter  readings  and  the  6  x  .006  nozzle,  without  prelift,  the 
lowest  reading.  No  clear  correlation  was  demonstrated  between  nozzle  configuration  or 
pre  lift  and  the  resulting  smoke.  There  was  considerable  wall  wetting,  particularly  at 
the  higher  rail  pressure.  This  wall  wetting  was  evidenced  by  ignition  beginning  from  the 
periphery  of  the  chamber  and  combustion  progressing  inward.  This  pattern  can  be  seen 
in  the  films. 
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Injector  304  8x.006  PL  Injector  303  Bx,006  — Injector  304  lx. 007 


Injector  304  Bx.006  Prelift 


Photograph  1.  Experimental  Setup 


Photograph  2.  BKM  High  Pressure  Injection  System 
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Photograph  3.  Engine  Detail  showing  Cylinder  Head  Extension 
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MR-941 

To:  NJ  Beck 

Fr:  DC  Steinmeyer 

Dt;  6  May  1993 

Re:  Turbocompound  cooling  system  test  -  preliminary  results 

The  first  test  of  the  TCS  was  conducted  at  Golden  West  College  on  4  May 
1993.  The  TCS  was  placed  downstream  of  the  stock  single  turbocharger 
on  the  Cummins  VTA-903  engine.  The  TCS  wastegate  was  locked  closed 
during  the  test. 

Attached  is  the  temperature  and  pressure  data  collected  during  that 
test.  Note  that  the  maximum  speed  attainable  with  the  TCS  fan  was 
1 7,700.  We  had  intended  to  test  to  30,000  RPM  but  the  exhaust  back 
pressure  due  to  the  TCS  limited  the  power  output  of  the  VTA-903. 

Different  combinations  of  engine  speed  and  load  were  attempted 
without  success. 

Also  attached  is  a  plot  of  the  pressure  data  for  1 7,700  RPM  to  show  the 
various  trends  for  different  exit  restrictions  (simulated  heat  exchanger). 
Note  that  the  100%  exit  opening  area  is  400  square  inches  (20  x  20). 

The  first  four  data  points  were  run  on  28  APR  1993.  Upon  increasing  fon 
speed  beyond  7000  rpm,  the  magnetic  pickup  contacted  the  fan  hub, 
damaging  the  pickup.  The  fan  was  removed  and  returned  to  BKM  for 
replacement  of  the  pickup  and  modification  of  the  mounting  system.  No 
other  serious  problems  occurred  during  the  test. 

A  diagram  of  the  TCS  is  attached  that  identifies  the  locations  of  the 
instrumentation  points.  P8  &  T8  were  located  in  the  air  inlet  flow  nozzle, 
upstream  from  the  fan  air  inlet  at  PI  &  Tl. 

Note  that  all  pressures  are  inches  of  water  (gauge)  except  P6  and  P7 
which  are  inches  of  mercury  (gauge).  The  ambient  barometric  pressure 
was  30. 1 0  inches  of  mercury. 

Please  forward  your  comments  and  conclusions  to  me.  I  will  pass  these 


FIGURE  1  -  TCS  INSTRUMENTATION  POINTS 


TURBOCOMPOUNO  COOLINO  SYSTEM  TEST  RESULTS 
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Turbo-Compound  Cooling  Systems 
*  for  Heavy-Duty  Diesel  Engines 

W.  E.  Woollenweber 

Turbo  Design,  Inc. 


ABSTRACT 

Fan-radiator  cooling  systems  for  diesel  engines 
have  experienced  only  minor  changes  in  basic 
design  since  their  inception.  However,  the 
’■  'rease  in  power  output  over  decades  of 
v-.elopment  of  the  engine  has  forced  the  cooling 
system  to  become  larger,  more  complex  and  more 
expensive.  Problems  of  fan  noise,  low  system 
efficiency,  durabihty  and  safety  persist.  The 
thermod\Tiamic  basis  for  the  design  of  a  new 
cooling  system  for  heavy-duty  diesel  engines  is 
presented  in  this  paper.  The  new  system  consists 
of  an  exhaust  gas  turbine  driving  a  high-speed 
ducted  fan  to  provide  cooling  air  for  engine  and 
vehicle  heat  exchangers.  Since  the  turbo-fan  is 
net  mechanically  connected  to  the  engine,  the 
components  can  be  located  in  more  convenient 
places  that  favor  vehicle  aerodynamics,  operator 
visibility  and  operational  safety. 

I.  INTRODUCTION 

The  compression  ignition  engine  has  undergone 
a  century  of  development  since  its  invention  in 
Britain  in  1890  and  its  improvement  in  the  1890’s 
Rudolf  Diesel  in  Germany  [1].  The  diesel 
v^i/gine,  as  it  is  known  today,  has  evolved  as  the 
most  efficient  prime  mover,  when  turbocharged 


and  aftercooled,  for  powering  heavy-duty 
equipment  of  various  types  all  over  the  world. 

Even  though  the  turbocharged,  aftercooled  diesel 
engine  is  highly  efficient,  it  still  rejects  a  large 
portion  of  its  thermal  energy  to  the  cooling 
system  and  exhaust.  The  turbocharger  turbine 
recovers  a  portion  of  the  available  exhaust  energy 
and  it  is  possible  to  recover  an  additional  amount 
by  adding  a  second  turbine  in  series  with  the 
turbocharger  turbine,  called  turbo-compounding, 
and  returning  the  power  generated  by  the  second 
turbine  to  the  engine  crankshaft  through  gearing 
and  a  fluid  coupling. 

Tests  of  a  turbo-compound  engine  in  a  highway 
truck  show  improvement  in  fuel  economy  and  a 
reduction  in  noise  level  compared  with  the  same 
type  engine  not  equipped  with  a  second  exhaust 
gas  turbine  in  the  exhaust  system  [2]  [3]. 

Commercial  acceptance  of  the  turbo-compound 
diesel  engine  has  been  hampered  by  its  cost  and 
mechanical  complication.  The  turbo-compound 
gear  train  usually  consists  of  a  high  speed  gear 
box,  a  low  speed  gear  box  and  a  fluid  coupling 
for  the  purpose  of  protecting  the  gearing  from 
engine  torsional  vibration  transmitted  from  the 
crankshaft  The  power  turbine  imposes  an 
additional  back  pressure  on  the  engine;  however, 
this  parasitic  loss  is  more  than  offset  by  the 
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power  developed  by  the  turbine,  resulting  in  a  net 
'^in  in  horsepower  output  from  the  turbo- 
vompound  power  plant. 

The  mechanical  complication  of  a  turbo¬ 
compound  engine  can  be  simplified  if  the  power 
output  of  the  low  pressure  turbine  is  used  for 
driving  an  engine  accessory.  Since  the  cooling 
system  fan  usually  absorbs  a  significant 
percentage  of  the  engine  power,  it  follows  that  a 
low  pressure  power  turbine  might  be  coupled 
with  a  high  speed,  ducted  fan  for  the  purpose  of 
supplying  cooling  air  for  engine  and  vehicle  heat 
exchangers.  Driving  a  high  speed,  ducted  fan 
with  a  turbine  should  provide  a  less  costly  means 
of  turbo-compounding,  since  there  is  no 
mechanical  connection  to  the  engine. 

II.  BACKGROUND 

The  location  of  the  fan  and  radiator  at  the  front 
of  the  engine  forces  compromises  in  the  design  of 
'chicles  that  are  to  be  driven  by  the  engine.  The 
types  of  equipment  that  demand  high  horsepower 
output,  such  as  earth  movers  and  military 
vehicles,  must  be  provided  with  large  fans  and 
radiators  to  dissipate  the  large  amount  of  heat 
that  must  be  transferred  from  the  engine  coolant 
when  the  engine  is  operating  under  load.  Large 
fans  and  radiators  interfere  with  operator 
visibility  in  earth  moving  equipment.  They  also 
cause  problems  in  fitting  them  into  military 
vehicles  where  space  is  limited  and  where  they 
must  be  completely  protected  from  damage  from 
projectiles  [4].  TTie  aerodynamic  shape  of 
highway  trucks  is  adversely  affected  by  the  need 
to  mount  the  fan  and  radiator  in  the  front  of  the 
vehicle.  Trucks  also  suffer  a  loss  in  horsepower 
due  to  the  aerodynamic  resistance  of  the  radiator 
and  other  heat  exchangers  being  forced  through 
the  air  at  high  speeds  during  on-highway 
operation. 

Due  to  installation  constraints  in  a  variety  of 
(applications,  fans  are  consistently  forced  to  run  at 
reasonably  low  efficiency  levels.  The  radiator  is 
usually  solidly  mounted  on  he  vehicle  frame 


whereas  the  engine,  which  carries  the  fan,  must 
be  flexibly  mounted  to  the  frame.  Thus,  there 
can  be  appreciable  relative  movement  between 
the  fan  and  radiator  during  operation  of  the 
vehicle.  A  large  clearance  between  the  fan  blade 
tips  and  fan  shroud  must  often  be  allowed  to 
prevent  the  blades  from  contacting  the  shroud 
during  operation.  This  large  running  clearance  is 
detrimental  to  fan  efficiency.  Finally,  the  engine 
and  accessory  profile  present  a  large  obstruction 
to  airflow  leaving  the  fan,  and  the  leaving  velocity 
of  the  air  is  an  irrecoverable  energy  loss.  In 
summary,  the  efficiency  of  fan-radiator  systems 
installed  in  vehicles  is  usually  well  below  50 
percent. 

Another  major  problem  associated  with  current 
cooling  systems  is  the  noise  generated  by  the  fan. 
In  heavy-duty  equipment,  the  fan  noise  is 
aggravating  to  operators  who  must  endure  the 
noise  for  eight-hour  work  shifts.  To  reduce 
noise,  designers  have  lowered  the  speed  of  fans 
but,  in  turn,  must  make  them  larger  in  diameter 
to  generate  sufficient  cooling  airflow.  This 
ejq)edien(^  causes  the  use  of  heavier  fans  which 
puts  higher  rotational  inertia  on  the  engine  mass- 
elastic  system  and  can  result  in  more  exhaust 
emissions  due  to  longer  acceleration  periods 
when  operating  under  load. 

The  safety  aspect  of  the  fan  on  the  front  of  an 
engine  is  another  very  important  consideration. 
The  rotating  fan  blades  are  nearly  invisible  to  the 
eye  when  the  engine  is  running  and  present  a 
significant  hazard  to  personnel.  Also,  much  time 
and  effort  is  expended  by  manufacturers  in 
analyzing  the  environment  in  which  the  fan  must 
operate  in  order  to  locate  exciting  forces  that  can 
cause  metal  fan  blades  to  vibrate  at  their  natural 
frequencies  [5].  The  fan  must  be  designed  to 
withstand  the  exciting  forces  found  to  exist  in 
each  application  without  failing  from  metal 
fatigue  due  to  resonant  vibration. 

Thus,  there  are  a  number  of  serious  problems 
associated  with  the  conventional  fan-radiator 
cooling  systems  in  use  today.  Fans  are  still  rather 
inefficient,  some  are  noisy  and  dangerous  and 
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have  grown  in  size  and  weight  in  consort  with  the 
increase  in  cooling  requirements  demanded  by 
modem,  high  horsepower,  turbocharged  power 
plants.  A  new  approach  to  diesel  engine  cooling 
that  circumvents  these  problems  and  allows 
versatility  in  future  vehicle  and  equipment  design 
should  be  welcomed  by  vehicle  and  mechanical 
equipment  manufacturers. 

In  contrast  with  current  fan-radiation  systems,  a 
small,  turbine-driven  fan  can  be  installed  in  a 
duct  where  tip  clearance  can  be  minimized  and 
where  airflow  entering  and  leaving  the  fan  can  be 
closely  controlled.  Stator  vanes  downstream  of 
the  fan  rotor  can  straighten  the  exit  flow  so  that 
an  efficient  diffuser  can  be  utilized  to  recover  a 
high  percentage  of  the  leaving  velocity  energy. 
Thus,  the  efficiency  of  a  ducted  fan  system  can  be 
expected  to  reach  values  exceeding  50  percent, 
which  is  substantially  higher  than  many  fan- 
radiator  systems  in  current  use  today. 

The  duct  work  surrounding  a  ducted  fan  can  act 
as  a  barrier  to  noise  transmission  to  the 
surroundings.  If  necessary  or  desirable,  the  duct 
work  can  be  insulated  to  further  reduce  noise 
transmission.  This  type  of  noise  suppression  is 
not  possible  with  current  fan  systems  where  the 
fan  runs  in  free  air  on  the  front  of  an  engine.  In 
addition,  for  the  sake  of  system  safety,  the  duct 
work  enclosing  the  ducted  fan  can  be  designed  to 
contain  fragments  in  case  a  fan  failure  occurs  at 
any  time  during  operation  of  the  vehicle  in  which 
the  engine  is  installed. 

In  contrast  with  conventional  systems,  ducted  fan 
blades  are  not  exposed  when  operating;  hence, 
personnel  cannot  inadvertently  insert  b^y  parts 
into  the  moving  blades.  The  inherent  safety  of  a 
ducted  fan  cooling  system  is  considered  an 
important  improvement  over  the  hazards 
encountered  with  the  use  of  free-running  fans  on 
current  heavy-duty  engines. 


111.  DESCRIPTION  OF  THE  COOLING 
SYSTEM 

The  main  component  of  the  new  cooling  system 
consists  of  a  radial  inflow,  exhaust  gas  turbine 
driving  a  high-speed,  ducted  fan  mounted  on  a 
common  shaft.  The  mechanical  construction  of 
the  turbo-fan  unit  can  be  similar  to  that  of  a 
conventional  turbocharger.  A  cross  section 
assembly  of  one  embodiment  of  a  turbo-fan  unit 
is  shown  in  Figure  1. 


Figure  1.  Turbo-Fan  Mechanical  Construction 

One  turbo-cooling  system  arrangement  with 
downstream  heat  exchangers  is  diagrammatically 
illustrated  in  Figure  2.  Atmospheric  air  is  drawn 
in  through  an  inlet  screen  and  accelerated  to  the 
fan  inlet  The  cooling  air  leaves  the  fan  at 
relatively  high  velocity  and  is  decelerated  in  a 
diffusing  section  to  an  appropriate  velocity  for 
entering  heat  exchangers.  The  cooling  air  leaves 
the  heat  exchangers  to  be  discharged  back  into 
the  atmosphere,  or  used  for  some  other  purpose 
such  as  cab  heating  or  exhaust  gas  dilution. 
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Figure  2.  Turbo-Cooling  System  with 
Downstream  Heat  Exchangers 

An  alternate  arrangement  of  the  system  is 
illustrated  in  Figure  3,  where  the  heat  exchangers 
are  located  upstream  of  the  fan  and  the  cooling 
air  is  discharged  into  the  atmosphere  directly 
from  the  diffuser  outlet.  Obviously,  other 
arrangements  of  multiple  heat  exchangers  are 
possible  where  they  might  be  divided  between 
upstream  and  downstream  locations. 


COOLING  AIR  IN 


Figure  3.  Turbo-Cooling  System  with  Upstream 
Heat  Exchangers 

In  the  system  analysis,  the  fan  is  treated  as  a  low 
pressure  ratio,  axial  flow  compressor,  followed  by 
a  conical  or  annular  diffusing  section.  The 
turbine  is  a  single  stage,  radial  inflow  or  mixed 
flow  type  with  an  undivided  .  volute  casing 
~oviding  full  admission  to  the  turbine  wheel. 

I 
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The  compression  process  in  the  fan  and  the 
expansion  process  in  the  turbine  are  modelled 
using  the  Gas  Turbine  Gas  Charts,  U.S.  Navy 
Research  Memorandum  No.  6-44,  dated 
December  1944.  These  charts  were  prepared  as 
an  aid  in  making  gas  turbine  performance 
calculations  and  facilitate  rapid  and  accurate 
evaluation  of  gas  property  changes  in  the 
compression  and  expansion  processes  occurring 
in  turbo-machinery.  The  charts  are  for  pure,  dry 
air  and  express  the  relationship  between 
temperature,  enthalpy,  and  a  relative  pressure 
function.  The  relative  pressure  function 
magnitudes  corresponding  to  a  temperature 
change  for  an  isentropic  process  are  proportional 
to  the  respective  terminal  pressures  of  the 
process. 

In  the  first  part  of  the  analysis,  the  basic  thermo¬ 
dynamic  feasibility  of  the  system  has  been 
investigated  without  reference  to  any  specific 
engine  applications.  Since  the  system  comprises 
well  known,  steady  flow  processes  of 
compression,  expansion  and  diffusion,  these  can 
be  modelled  by  selecting  specific  state  points  at 
the  beginning  and  end  of  each  process  and 
calculating  values  of  temperature  and  pressure 
after  assuming  appropriate  values  for  component 
efficiencies. 

The  level  of  back  pressure  needed  to  operate  the 
turbo-fan  is  an  important  evaluation  criteria  in 
the  determination  of  feasibility.  In  turbo¬ 
compounding,  the  added  back  pressure  imposed 
by  the  power  turbine  can  be  as  high  as  18"Hg.  It 
follows  that  back  pressure  imposed  by  the  turbo¬ 
fan  turbine  should  be  less  than  18"Hg  for  the 
system  to  be  considered  feasible. 

The  most  important,  independent  variable  in  the 
system  analysis  is  the  amount  of  cooling  air 
(Wca)  needed  to  satisfy  various  vehicle  cooling 
conditions.  The  range  of  Wqa  will  extend  from 
the  amount  required  by  a  simple  air-to-air  charge 
air  cooler  to  the  amount  required  to  fully  cool  a 
heavy-duty  diesel  engine  in  a  modem,  off- 
highway  vehicle.  Test  data  available  from  the 
literature  and  from  equipment  manufacturers  has 
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shown  the  range  of  Wca  to  extend  up  to  fifteen 
times  the  amount  of  engine  air  consumption 
;5xWe). 

To  make  the  preliminary  analysis  independent 
from  any  given  engine  type  or  size,  the  amount  of 
engine  air  consumption  can  be  related  to  engine 
horsepower  output  by  assuming  that  most 
modem  engines  have  achieved  a  similar  state  of 
technical  development  and  that  they  all  consume 
nearly  the  same  amount  of  air  per  horsepower 
output.  This  has  been  confirmed  by  surveying 
the  air  consumption  data  of  a  large  number  of 
engines,  and  a  value  of  2.5  CFM  per  rated 
horsepower  output  has  been  established  as  a 
good  average  value  to  use  in  preliminary 
calculations  of  cooling  system  air  flow  and  fan 
horsepower. 

The  horsepower  needed  to  drive  the  fan  is 
dependent  upon  the  air  weight  flow,  the  pressure 
loses  in  the  system,  and  the  fan  efficiency. 
Practical  experience  has  shown  that  heat 
exchanger  resistance  values  (APhe)  will  be  below 
THjO  for  maximum  cooling  loads  at  full  power 
output.  Using  this  range  of  system  resistance,  the 
fan  pressure  ratio  can  be  established  and  the 
power  required  to  drive  the  fan  can  be 
calculated. 

The  engine  exhaust  g..'  flow  is  found  by  adding 
the  weight  flew  of  fuel  used  in  the  combustion 
process  to  the  known  values  of  engine  air 
consumption.  Horsepower  output  of  the  exhaust 
gas  turbine  is  then  determined  by  assuming 
various  levels  of  exhaust  gas  temperature, 
pressure  and  turbine  efficiency.  By  equating  the 
values  of  fan  power  required  with  values  of 
turbine  power  available,  a  power  balance  is 
established  at  various  levels  of  exhaust  gas  back 
pressure.  Any  level  of  back  pressure  below  the 
turbo-compound  criteria  of  18"Hg  maximum 
establishes  the  preliminary  feasibility  of  the  new 
system.  After  the  preliminary  feasibility  of  the 
system  has  been  established,  the  analysis 
oroceeds  to  evaluate  a  typical  commercial 
^pUcation  of  the  turbo-compound  cooline 
principle. 


rv.  POWER  BALANCE  ANALYSIS 

The  location  of  important  system  state  points  are 
shown  on  Figure  4  and  defined  in  Table  1. 

HEAT 


DOWNSTREAM  HEAT  EXCHANGERS 


Figure  4.  System  State  Point  Locations 


Table  1.  Definition  of  System  State  Points 


I  Point 

Definition 

1 

Aabient  Preseure 

P, 

Preeeure  *fter  upstreae  reaiatance 

n  p. 

Ppeaaure  at  fan  inlet 

Preeeure  at  fan  outlet 

1  '*• 

Preeeure  at  diffueer  outlet 

p. 

Turbine  inlet  preeeure 

p. 

Turbine  outlet  preeeure 

T. 

Aabient  teaperature 

T, 

Teaperature  after  upetreaa  reeietance  8 

T, 

Teaperature  at  fan  inlet  [1 

T, 

Teaperature  at  fan  outlet  1 

T, 

Teaperature  at  diffueer  outlet  B 

T. 

Teaperature  at  turbine  inlet  B 

Teaperature  at  turbine  outlet  || 

Calculation  of  Fan  Power 

The  calculation  of  the  power  required  to  drive 
the  fan  to  cooling  air  flow  of  lOxW^  for  an 

engine  ra'  400  BHP  is  outlined  in  detail 
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below.  The  assumed  operating  conditions  are 
-iven  as  follows: 

Haat  exchangers  located  upstreaa  of  fan. 
Heat  exchanger  pressure  drop,  aPhe  =  S.O’HjO 
Fan  inlet  velocity,  Vj  =  350 ’/sec 
Engine  air  consuaption,  Qg  =  2.5  CFM/HP 
Diffuser  efficiency,  rjp  =  .80 
Fan  efficiency,  cr  =  -70 


P,  =  29.61  -  1.3632  =  28.2468  "Hg 

0  =  28-2468  _  _  -3 

27.6854  1-0203 


Froa  Gas  Charts: 

Tj  =  579. 6*R;  Hj  =  43.12  BTU/# 
Prj  =  3.662 


Of  2.5  X  400  =  1000  CFU 
=  10  X  1000  =  10,000  CFU 
P,  =  29.61  -Hg 
T,  =  77-F  =  537-R 

y,  =  1.326  X  =  .0731  #/ft 

C,  =  .242  BTU/#--F 

P,  =  29.61  -  .2206  =  29.3894  “Hg 


Pr,  =  1.0203  X  3.662  =  3.736 

H„s  =  43.88  BTU/# 

aH,s  =  43.88  -  43.12  =  .76  BTU/# 

aH*ct  =  -jyg-  =  1.086  BTU/# 

HPp  =  55Q  X  1.086  X  12.18  =  18.72  HP 


Assuae  an  engine  fuel  consuaption  of 
.360  #/BHP-HR: 

We  =  .360  =  2.40  #/min 

He  =  2.4  X  18,500  =  44,400  BTU/ain 


Assuae  21%  of  input  heat  is  rejected 
to  coolant: 

H«  =  .21  X  44,400  =  9324  BTU/ain 
WcA  =  .0731  X  10,000  =  731  #/ain 


at  -  9324 

-  .242  X  731 


=  52.7- 


T,  =  537  +  52.7  =  589. 7-R 


(350)^ 


*  64.4  X  778  X  .242 


=  10.1- 


T,  =  589.7  -  10.1  =  579. 6-R 


Assuae  aP,.j  =  1.704  “Hg 

P,  =  29.3894  -  1.704  =  27.6854  ‘Hg 

_  27.6854  _ 

- 579.6  “ 


Actual  aP,.j 


.0633/3501 

4553.33 


=  1.704  ■ 


Hg 


) 

Assuae  80%  pressure  recovery  in 
the  diffuser. 


To  establish  the  range  of  fan  power  required  for 
higher  heat  exchanger  pressure  drops,  the 
calculation  has  been  repeated  for  APhe  of  6.0  and 
9.0"H20. 


To  establish  the  sensitivity  of  fan  power 
requirements  to  changes  in  fan  efficiency  and 
di&ser  efficiency,  the  calculation  has  been 
repeated  for  ijp  of  .60  and  .80,  and  of  .60  and 
.70.  The  results  of  these  calculations  are 
summarized  in  Tables  2,  3  and  4. 


Table  2.  Fan  Power,  tjd  =  -80 


400  BHP  Rating 

APhe 

r7p=.  60 

-n 

II 

• 

o 

o 

00 

• 

II 

u. 

c- 

3.0 

22.97 

18.22 

17.23 

6.0 

31.88 

27.32 

23.92 

9.0 

40.50 

34.71 

30.38 

aP,  =  .80  X  1.704  -  1.3632  "Hg 
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Table  3.  Fan  Power,  rjn 


400  BHP  Rating 

60 

r7p=.70 

T)f=.80 

29.58 

25.36 

22.19 

38.78 

33.24 

29.08 

47.40 

40.62 

35.55 

Table  4.  Fan  Power,  =  .60 


400  BHP  Rating 

I)fr®.60 

Ijp*.  70 

0 

CO 

• 

II 

u. 

cr 

36.19 

31.02 

27.14 

44.81 

38.40 

33.61 

54.00 

46.29 

40.50 

The  power  to  drive  the  fan  versus  engine  rated 
power  with  a  diffuser  pressure  recovery  of  .70  has 
been  plotted  on  Curve  No.  1  with  heat  exchanger 
pressure  drop  as  a  parameter  and  with  fan 
efficiencies  of  .60,  .70  and  .80. 

The  data  has  been  cross  plotted  on  Curve  No.  2 
to  illustrate  the  sensititivity  of  fan  power  to 
change  in  fan  efficiency.  As  can  be  seen  on  the 
curve,  fan  efficiency  becomes  more  important  as 
heat  exchanger  pressure  drop  increases. 

Curve  No.  3  shows  the  sensitivity  of  fan  power  to 
change  in  diffuser  pressure  recovery.  The 
importance  of  high  pressure  recovery  is  evident 
from  the  steep  slope  of  the  curves  at  all  heat 
exchanger  pressure  drop  levels. 


CURVE  NO.  1 

J  HPv»  rated  engine  power 

UPSTREAM  HEAT  EXCMANOERS 


2D0i .  400  , .  ,600  600  ^  iaoo! 


2D0;  1400  '  :600  ;  ;  BDOi  ' 1000 


'AbO:  :  6( 

:  I '  HP • 


1060 ; : 

.  I  .  .  . 


l.hel 


Calculation  of  Turbine  Power 

is  assumed  that  the  turbine  used  to  drive  the 
will  be  mounted  in  series  with  a  turbocharger 
turbine  that  is  used  for  supercharging  the  engine. 
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Two  turbines  in  series  in  an  exhaust  system  have 
been  shown  to  exhibit  a  considerable  muffling 
effect  [3],  so  that  on  an  engine  so  equipped  the 
normal  muffler  might  be  reduced  in  restriction  or 
eliminated  entirely.  Accordingly,  in  the  following 
series  of  preliminary  calculations,  the  turbine  exit 
pressure,  P^,  has  been  assumed  to  be 
atmospheric. 

By  the  assumption  of  various  levels  of  pre-turbine 
pressure  (back  pressure),  the  turbine  expansion 
ratio  is  established.  At  a  given  exhaust  gas 
temperature,  the  isentropic  heat  drop  across  the 
turbine  can  be  found  using  the  Gas  Charts. 
Then,  by  assuming  reasonable  levels  of  turbine 
efficiency,  the  actual  beat  drop  is  determined  and 
the  turbine  power  can  then  be  calculated  directly. 

An  example  of  the  turbine  power  calculation  for 
an  engine  rating  of  400  BHP  is  given  below  for  a 
turbine  inlet  pressure  of  2.0"Hg. 


Ps  =  31.61'Hg  P,  =  29.61 'Hg 

f'  •  IHt-  '-“75 

T,  =  800*F  *  1260*R 

Froa  the  Gas  Charts, 

=  211.35  BTU/#  PPj  =  59.61 

~  1  f 0675  “  55.84 
H*,s  =  205.73  BTU/# 

aH,s  =  211.35  -  205.73  =  5.62  BTU/# 
rji  =  .60 

=  5  62  X  .60  =  3.372  BTU/# 

Assune  a  fuel  consuaption  of 
.360  #/BHP-HR 

Wp  =  .360  x^-  =  2.4  #/Bin 

'"'ex  =  =  ■'•258  #/sec 

HPp  =  1.415  X  3.372  X  1.258  =  6.00  HP 


Table  7.  Turbine  Power.  T^x  =  1000*F 


Repeating  the  preceding  calculation  for  turbine 
inlet  pressures  up  to  20"Hg.ga.  in  2"Hg 
I  increments  results  in  establishing  the  power 
potential  of  the  turbine  under  the  assumed 
operating  conditions.  A  summary  of  the 
calculated  values  of  turbine  power  for  engine 
ratings  of  400  BHP  is  given  in  Table  S  for  an 
exhaust  temperature  of  800**F.  in  Table  6  for  a 
temperature  of  900°F,  and  in  Table  7  for  a 
temperature  of  1000®F. 


Table  5.  Turbine  Power.  Tn  =  SOOT 


'Hg.Ga. 


2 

4 

6 

8 

10 

12 

14 

16 

18 

20 


400  BHP  Rating 


;Jt=  .  60 

0t=.70 

0i=-80  1 

6.00 

6.96 

11.57 

13.49 

16.65 

19.42 

21.41 

24.98 

25.88 

30.19 

34.50 

30.03 

35.04 

40.04 

33.97 

39.63 

45.30 

37.67 

43.94 

50.22 

41.14 

47.99 

54.85 

44.50 

51.92 

59.34 

Table  6.  Turbine  Power.  T^x  =  900®F 


Ps 

400  BHP  Rating  | 

■Hg.Ga. 

rjT=.60 

0t=.70 

rjT=.80 

2 

6.44 

7.51 

8.59 

4 

12.32 

14.38 

16.43 

6 

17.93 

20.92 

23.91 

8 

22.55 

27.47 

31.40 

10 

27.85 

32.49 

37.14 

12 

32.40 

37.80 

43.20 

14 

36.66 

42.77 

48.88 

16 

40.65 

47.42 

54.20 

18 

44.35 

51 .75 

59.14 

1  20 

48.05 

56.06 

64.04 

1 

400  BHP  Rating 

1  ‘Hg.Ga. 

-4 

II 

b> 

o 

0t=.70 

rjT=.80 

I  2 

6.97 

8.14 

9.30 

!  * 

13.33 

15.55 

17.77 

6 

19.28 

22.49 

25.70 

8 

24.81 

28.94 

33.08 

10 

29.99 

34.99 

39.98 

12 

34.78 

40.58 

46.38 

14 

39.37 

45.93 

52.49 

I 

43.71 

51 .00 

58.28 

I 

47.73 

55.68 

63.64 

1  20 

51 .64 

60.24 

68.85 

The  data  in  Table  6  has  been  plotted  on  Curve 
No.  4  for  a  fan  efficiency  of  .70  for  engine  ratings 
up  to  1000  HP. 


V.  PRELIMINARY  SIZING  OF  THE  FAN 
COMPONENT 

i 

The  size  of  the  fan  component  is  dependent  upon 
the  quantity  of  cooling  air  to  be  pumped,  the 
axial  velocity  of  the  air  entering  the  fan,  and  the 
location  of  the  heat  exchangers.  In  all  the 
foregoing  calculations,  the  air  velocity  entering 
the  fan  has  been  assumed  to  be  3507sec.  The 
effect  on  the  fan  size  of  selecting  other  air  inlet 
velocity  is  also  investigated  in  this  section. 

For  an  engine  rated  at  400  BHP  and  with  heat 
exchangers  located  downstream  of  the  fan,  the 
cooling  air  quantity  is: 

Oca  =  2.5  X  400  X  10  =  10,000  CFU 

If  V=  350’ /sec,  the  required  axial  flow 
area  is: 

A„  =  X  2.4  =  68.57  in* 

Aasuae  a  fan  diaaeter  of  10.0*. 

Gross  axial  flow  area, 

Ao  =  .7854(100)  *  78.54  in* 

Area  of  a  2.6*  dial,  hub, 

A„  =  .7854(2.6)*  »  5.31  in* 

For  a  13  vane  fan,  the  vane  blockage  area  can  be 
approximated  by: 

Ay  =  13  X  .12  X  3.7  =  5.77  in^  where  13  is  the 
number  of  vanes,  .12"  is  the  average  vane 
thickness,  and  3.7"  is  the  vane  length.  A  certain 
amount  of  clearance  over  the  fan  blade  tips  is 
necessary  which  increases  the  net  flow  area  by  a 
small  amount  Assuming  a  .125"  clearance  on  the 
diameter,  the  clearance  area  is: 

Acl  =  .7854  [(10.125)'-(10)^]  =  1.98  in^ 

Allowing  for  a  thick  boundary  layer,  the  increase 
in  flow  area  due  to  the  clearance  will  be 
estimated  as  50%  of  the  geometric  area,  or 
approximatety  1.0  in^.  The  net  axial  flow  area  of 
'  a  10.0"  diameter  fan  becomes: 


An  =  78.54  +  1.0  -  5.31  -  5.77  =  68.46  jp- 
Required  net  axial  area  is  68.57  in^ 

Thus,  a  10.0"  dia.  fan  is  indicated  for  an  engine 
rated  at  400  BHP  and  requiring  lOxW^  cooling 
air  flow. 

The  selection  of  a  fan  inlet  air  velocity  of  3507sec 
is  a  matter  of  choice.  Higher  inlet  velocity 
results  in  a  smaller  fan  size  but  increases  the  fan 
horsepower.  Calculations  using  lower  and  higher 
inlet  velocity  than  3507sec  produced  the  data 
listed  in  Table  8  and  this  data  has  been  plotted 
on  dXirve  No.  5. 


Table  8.  Preliminary  Fan  Size,  Downstream  Heat 
Exchangers 


Fan  Diaaeter  -  Inches 

HP, 

V*  = 

300’ /sec 

V*  = 

350’ /sec 

V*  = 

400’ /sec 

200 

7.75 

7.20 

6.70 

400 

10.80 

10.00 

9.40 

700 

14.35 

13.25 

12.50 

1000 

17.10 

15.85 

14.85 
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Considering  a  system  with  upstream  heat 
exchangers,  the  volume  flow  that  the  fan  must 
pump  is  increased  due  to  heat  added  to  the  air 
when  passing  through  heat  exchangers.  For  an 
engine  rated  at  400  BHP,  the  temperature  rise 
through  the  heat  exchanger  is  52.7°. 

Qc*  =  10,000  CFM 
We*  =  731  #/iliin 

Yi  =  .0633  #/ft* 

0*  =  .^3=  CFM 

For  V,  =  350 '/sec, 

the  required  net  area  is: 

A„  X  2.4  =  79.19  in^ 

For  a  10.75"  fan, 

Ao  =  .7852(10.75)’  =  90.76  in’ 

Area  of  a  2.8"  hub, 

A„  =  .7854(2.8)’  =  6.16  in* 

Vane  blockage  area. 

Ay  =  13  X  .13  X  3.98  =  6.72  in* 

Clearance  area, 

Aci.  =  .7854[(10.875)’-  10.75)’] 

Act  =  2.70  in’ 

Ah  =  90.76  +  1.35  -  6.16  -  6.72 
Ah  =  79.23  in’ 


Thus,  locating  heat  exchangers  upstream  of  the 
fan  results  in  an  increase  of  .75"  in  the  fan 
diameter  required.  However,  this  increase  in 
diameter  may  be  offset  by  allowing  the  fan  inlet 
velocity  increase  to  a  higher  value  than  350Vsec. 

The  preliminary  fan  size  for  use  with  upstream 
heat  exchangers  and  a  of  3507sec  is  given  on 
Curve  No.  6,  compared  with  the  fan  size  required 
with  downstream  heat  exchangers  for  engines 
rated  up  to  10(X)  BHP  output. 


VI.  PRELIMINARY  SIZING  OF  THE  TURBINE 
COMPONENT 

The  size  of  the  turbine  wheel  is  dependent  upon 
the  fan  power  required,  the  bearing  system  losses 
and  the  speed  of  rotation  of  the  rotor  assembly. 
It  is  expected  that  the  speed  range  of  the  turbo- 
fan  will  allow  the  use  of  grease-lubricated,  anti¬ 
friction  bearings  that  have  a  mechanical  efficiency 
of  close  to  99  percent  In  this  case,  the 
magnitude  of  the  bearing  system  power 
absorption  will  be  small  enough  to  be  neglected. 

For  an  engine  rated  at  400  BHP,  the  following 
operating  conditions  are  assumed: 

“  6.0"Hj0;  r)f  =  .70;  rjp  =  .70 
Vj  =  350’ /see;  Wj  =  73.1  #/Bin 

Wp  =  .360  X  ^  =2.4  #/inin 
Wex=  =  1.258  #/sec 
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FroB  Curve  No.  1,  the  fan  power 
is  found  to  be  33  HP. 


At  the  design  point,  the  power 
developed  by  a  radial  turbine  can 
be  approximated  by  the  expression: 


Cy,  =  tangential  component  of 

the  entering  gas  velocity 

Ut  =  wheel  tip  speed 

g  =  acceleration  of  gravity 


VII.  FEASIBILITY  DETERMINATION 

For  the  convenience  of  determining  feasibility 
and  of  estimating  the  size  and  operating 
parameters  of  turbo-cooling  systems  applicable  to 
diesel  engines  of  up  to  1000  HP  ratings,  Curves 
No.  8  and  9  have  been  prepared  from  a 
consolidation  of  the  calculated  data.  Steps  to  be 
taken  in  the  use  of  the  charts  are  as  follows; 


For  a  radial  inflow  turbine,  the 
value  of  Cu,/Ut  falls  in  the  range 
of  .85  and  the  equation  for  turbine 
work  reduces  to: 


For  the  400  BHP  engine  rating,  the 
required  turbine  power  output  to 
drive  the  fan  is: 


1.  With  a  cooling  air  flow  of  ten  times 
engine  air  flow,  select  a  pressure  drop 
imposed  by  heat  exchangers  sized  to 
adequately  cool  the  engine  and  auxiliaries. 

2.  Enter  Curve  No.  8  with  the  rated  power 
of  the  engine  and  heat  exchanger  pressure 
drop  to  obtain  the  necessary  fan  and 
turbine  power. 


u  _  33  X  550  _  .. 

^  1.258  “  14,428  ft  #/# 

The  required  turbine  tip  speed  to 
develop  the  power  is: 


For  a  6.0*  diameter  turbine,  the 
rotational  speed  will  be: 


720  X  739 
rr  X  6.0 


3.  Follow  the  turbine  power  value  to  its 
intersection  with  rated  engine  power  to 
determine  the  estimated  back  pressure 
level.  The  back  pressure  value  should  fall 
well  within  the  area  bounded  by  the 
feasibility  limit 

4.  Enter  Curve  No.  9  with  the  fan  power 
value  from  Curve  No.  8  and  find  the 
necessary  turbine  tip  speed. 


Turbine  tip  speed  versus  rated  engine  power  has 
been  plotted  on  Curve  No.  7. 


5.  Select  a  turbine  wheel  diameter  and  find 
the  rotational  speed  of  the  turbo-fan 
rotor. 

6.  Decide  on  the  most  appropriate  location 
for  the  heat  exchangers  and  determine  the 
fan  size  fi’om  Curve  No.  9. 

7.  Use  the  rotational  speed  and  fan  size  to 
estimate  the  tip  speed  of  the  fan  from 
Curve  No.  9. 

8.  Use  the  level  of  fan  tip  speed  to  select  the 
fan  material  with  regard  to  stress  levels 
that  ensure  satisfactory  durability. 
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CURVE  NO.  8 
TURBO-COOUNG 

FEASIBILITY  DETERMINATION  CHART 


VIII.  DETAILED  ANALYSES  OF  TURBO. 
COOLING  SYSTEMS  FOR  AN  8.0  LITER 
DIESEL  ENGINE  USED  IN  OFF-HIGHWAY 
EQUIPMENT 

The  diesel  engine  and  auxiliary  equipment  used 
to  power  some  types  of  off-highway  equipment, 
such  as  farm  machinery  and  eari^h  movers,  usually 
require  the  use  of  four  separate  heat  exchangers. 
These  are  the  main  engine  coolant  heat 
exchanger,  charge  air  cooler,  a  hydraulic  oil 
cooler,  and  an  air  conditioning  condenser.  When 
considering  a  new  cooling  system,  the  four  heat 
exchangers  may  be  located  in  a  number  of 
different  ways  since  they  do  not  have  to  be 
’''isitioned  in  the  conventional  manner  in  front  of 
.'engine-driven  fan. 


If  possible,  the  beat  exchangers  should  be 
mounted  in  a  parallel  configuration  either 
upstream  or  downstream  of  the  turbo-fan  so  that 
the  individual  resistances  are  not  additive.  In  this 
way,  the  sy.iem  resistance  and  fan  power 
requirement  are  minimized. 

In  the  following  analysis,  it  has  been  assumed 
that  the  beat  exchangers  are  mounted  in  the 
preferred  parallel  arrangement.  Also,  in  the 
following  calculations,  the  turbo-fan  systems 
being  analyzed  are  identified  by  the  assumed 
values  of  the  efficiencies  of  the  three  main  system 
components.  For  example,  a  70-75-80  system 
indicates  components  with  a  fan  efficiency  of  .70, 
a  turbine  efficiency  of  .75,  and  a  diffuser  pressure 
recovery  of  .80. 
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Turbo-Fan  System  for  Charee  Air  Cooling  of  8.0 
’ter  Engine. 

Most  modem  turbocharged  diesel  engines  are 
equipped  with  aftercoolers  that  remove  some  of 
the  heat  of  compression  from  the  charge  air 
before  it  enters  the  cylinders.  Jacket  water  has 
been  extensively  used  as  the  coolant  media; 
however,  changing  to  air-to-air  charge  air  coolers 
has  become  common  due  to  the  lower  charge  air 
temperatures  attainable  when  using  ambient  air 
as  the  coolant  media.  [6]  The  air-to-air  heat 
exchanger  is  usually  mounted  in  front  of  the 
radiator  requiring  the  compressed  air  from  the 
turbocharger  to  be  piped  from  the  turbocharger 
mounted  on  the  engine,  to  the  cooler  core  and 
then  back  again  to  the  engine  intake  manifold. 

An  alternative  to  the  current  system  of 
aftercooling  is  to  use  a  small  turbo-fan  to  supply 
cooling  air  to  the  air-to-air  charge  air  cooler  so 
that  both  the  turbo-fan  and  the  heat  exchanger 
can  be  mounted  on  or  near  the  engine.  This 
rrangement  should  be  more  compact  than  the 
system  that  requires  the  air-to-air  beat  exchanger 
to  be  mounted  in  front  of  the  radiators.  The 
feasibility  of  the  turbo-fan  system  for  charge  air 
cooling  of  the  8.0  liter  engine  has  been 
investigated  with  and  without  the  use  of  a 
diffusing  section  following  the  fan.  These  results 
are  listed  in  Table  9. 


Table  9.  Charge  Air  Cooling  System  with  and 
without  Diffuser. 


Turbo-Fan 

With 

Diffuser 

Without 

Diffuser 

Fan  Diameter 

5.1  * 

5.5* 

Turbine  Diameter 

3.5' 

4.0* 

Speed  of  Rotation 

22,132  RPM 

29,048  RPM 

Back  Pressure 

1 .73*Hg.ga. 

4.0*Hg.ga. 

1  Velocity  Ratio 

.663 

.664 

0 

Thus,  it  appears  feasible  that  for  charge  air 
cooling  only,  a  turbo-fan  does  not  need  a  diffuser 
to  be  fonctional.  The  mechanical  construction  of 
a  turbo-fan  for  charge  air  cooling  would  be 
similar  to  that  shown  in  Figure  1. 

Turbo-Fan  System  for  Full  Engine  and  Auxiliary 
Cooling  of  8.0  Liter  Diesel  Engine  at  Rated  Load 
and  Speed. 

Basic  engine  data  and  assumed  conditions: 

Engine  rating:  275  BHP  at  2100  RPM 

Parallel  heat  exchanger  arrangenent 
upstrean  of  fan. 

Assumed  system  efficiencies:  75-75-75 
aP„e  =  5.0'HjO  =  .3676‘Hg 
P,  =  29.61 "Hg 
T,  =  110*F 
y,  =  .0689  #/ft* 

Heat  rejection: 


Engine  coolant 

He 

=  4781 

Charge  air  cooler 

He 

=  1616 

Hydraulic  oil  cooler 

Hh 

=  1098 

A/C  Condenser 

H*c 

=  586 

Total 

8081 

BTU/min 

Engine  air  flow,  Wj  =  46.93  #/min 
Cooling  air  flow,  =  12xWe 
Wc*  =  12  X  46.93  =  563.16  #/min 

Oca  =  =  8174  CFM 

The  results  of  the  calculations  are  listed  in  Table 

10. 

Since  the  exact  quantity  of  cooling  air  flow 
required  can  only  be  estimated  at  this  time,  the 
8.0  liter  engine  analysis  has  been  repeated  for 
cooling  air  flow  quantities  of  9  times  and  15 
times  engine  air  flow.  The  results  are  included  in 
Table  10  and  plotted  on  Curve  10. 
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Table  10.  Turbo-Cooling  System  for  8.0  Liter 
Engine.  System  Efficiencies  75-75-75 


275  BHP  It  2100  RPU 

9  X  W, 

12  X  WE 

15  X  W, 

Fin  Pow#r-HP 

15.94 

20.72 

24.57 

Fin  Oiiieter-IN. 

8.75 

9.80 

10.90 

Turbine  Diiaeter-IN. 

5.00 

5.50 

6.00 

Back  Preiture-'Hg.ga. 

6.75 

9.16 

11.22 

Rotor  Speed- RPM 

30,206 

30,502 

30,441 

Ur/C. 

.682 

.665 

.665 

Analysis  of  Turbo-Fan  System  for  8.0  Liter 
Engine  at  Torque  Peak. 

The  most  difficult  cooling  condition  might  occur 
at  torque  peak  and  110°F  ambient  air 
temperature.  This  condition  is  analyzed  as 
follows: 

Basic  engine  data  and  assumed  conditions: 

Torque  peak  rating: 

244  HP  at  1400  RPM 

Torque  rise:  33% 

Parallel  heat  exchangers, 
upstream  of  fan. 

AP„e  =  4.0  "HjO  =  .2941  *Hg. 

Heat  rejection  at  torque  peak: 

Engine  coolant  H^  =  4491 

Charge  air  cooler  H^  =  840 

Hydraulic  oil  cooler  Hh  =  734 

A/C  condenser  H*c  =  398 

Total  6463  BTU/min 

System  efficiencies:  75-75-75 

Engine  air  flow,  =  28.67  #/min 
Cooling  air  flow,  Wc*  =  15  x 
Wc*  =  15  X  28.67  =  430.05  #/min 


The  results  of  the  analysis  of  an  optimized  turbo¬ 
cooling  system  for  an  8.0  liter  diesel  engine  at 
both  rated  speed  and  at  torque  peak  are  listed  in 
Table  11.  The  effect  of  designing  a  system  for 
operation  in  HOT  ambient  air  temperature 
compared  with  designing  the  same  system  for 
77T  ambient  temperature  can  also  be  found  in 
Table  11. 
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Table  11.  Optimized  Turbo-Cooling  System  for 
Liter  Engine.  Upstream  Heat  Exchangers 


Torque 

Peek 

Torque 

Peak 

Rated 

Speed 

Aibitnt  T«ap.-*F 

77-F 

110’F 

110*F 

Engine  Speed -RPU 

1400 

1400 

2100 

Cooling  Air  Flow 

15xW, 

15xW, 

12xW, 

Systei  Efficiencies 

80-80-80 

80-80-80 

75-75-75 

Fen  Power- HP 

8.87 

9.25 

20.72 

Fen  Diteeter- IN 

9.60 

9.80 

9.80 

Turbine  Dimeter- IN 

5.50 

5.50 

5.50 

Back  Preee. - ‘Hg.ga. 

4.74 

4.96 

9.16 

Rotor  Speed -RPU 

25,293 

25,835 

30,502 

U,/C. 

.687 

.687 

.665 

Diffuser  Design  for  Optimized  Turbo-Cooling 
System  for  8.0  Uter  Diesel  Engine. 

Optimal  performance  of  a  turbo-cooling  system 
is  dependent  upon  an  efficient  diffusion  process 
to  convert  a  large  percentage  of  the  exit  fan 
velocity  into  pressure.  The  use  of  stator  vanes 
downstream  of  the  fan  rotor  can  turn  the  exit  air 
w  into  a  uniform  axial  flow  so  that  it  is 
possible  that  it  can  be  effectively  diffused. 
Several  well  known  types  of  diffusers  that  can  be 
applied  are  the  conical  and  the  annular.  The 
literature  suggests  that  the  maximum  pressure 
recovery  that  can  be  expected  from  a  well 
designed  diffuser  is  80  percent  This  value  has 
been  used  in  the  previous  calculations  of  an 
optimized  turbo-cooling  system. 

Since  the  effectiveness  of  the  diffuser  is  of 
primary  importance  in  achieving  optimal 
performance  from  the  cooling  system,  an 
innovative  approach  to  diffuser  design  is 
necessary  with  the  objective  of  reducing  the  axial 
length  while  maintaining  a  high  level  of  pressure 
recovery. 

The  paper  by  Sovran  and  Klemp  [7]  provides 
information  pertaining  to  pressure  recovery 
coefficients  for  optimum  geometries  of 
— ctangular,  conical  and  annular  diffusers.  The 
....Dular  type  occurs  commonly  in  turbomachinery 
because  Quids  must  flow  around  a  central  shaft 


and  bearing  structure.  Evidently,  the  inner 
surface  present  in  annular  diffusers  acts  to  guide 
the  fluid  outward  resulting  in  achieving  good 
performance  with  large  wall  angles.  Since  the 
use  of  large  wall  angles  results  in  shortening  the 
axial  length  required  to  achieve  a  specified 
terminal  velocity,  the  annular  diffuser  appears  to 
have  significant  potential  for  use  in  a  turbo- 
cooling  system. 

If  the  system  is  optimized  for  torque  peak,  the 
terminal  velocity  from  the  diffuser  at  rated  speed 
can  be  above  the  arbitrary  figure  of  SO’/sec  used 
in  previous  calculations.  If  the  value  of  at 
rated  speed  is  set  at  60Vsec,  the  resulting  at 
torque  peak  will  be  less  than  507sec.  These 
values  appear  to  be  a  good  compromise  for 
achieving  high  pressure  recovery  over  the 
operating  speed  range  of  the  engine. 

For  a  terminal  velocity  of  607sec  at  rated  speed, 
the  required  exit  area  is: 

.  90.79  -  .  .  j 

A4  =  gQ  x  2.4  =  363  m^ 

If  the  fan  exit  air  flow  is  divided  by  three 
concentric  annular  diffusing  channels,  the  diffuser 
entrance  area  is  divided  into  thirds. 

A3/3  =  72.06/3  =  24.02  in^ 

The  exit  area  of  each  annulus  is; 

=  363/3  =  121.0  in^ 

The  inner  annulus  dimensions  are: 

Inlet  O.D.  =  6.11";  I.D.  =  2.6" 

OuUet  O.D.  =  13.0";  I.D.  =  3.8" 

=  r  =  6» 

From  the  given  geometry,  L  =  33.3" 

AR  =  ^  =  1.755 
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18.87 


designed  for  the  8.0  liter  engine  with  a  terminal 
velocity  of  607sec  is  illustrated  in  Figure  5. 


L/AR  = 


33.3 

1.755 


AR-1  =  -1  =  4.04 

24.02 

With  these  values  of  I7AR  =  18.97  and  AR-1  = 
4.04,  the  predicted  pressure  recovery  coefficient 
(Cp)  from  reference  [5],  Figure  15,  Page  289  is 
over  .80. 

The  middle  annulus  dimensions  are: 

Inlet  O.D.  =  8.24"  I.D.  =  6.11" 

Outiet  O.D.  =  16.1"  I.D.  =  10.3" 


=  6°  =  ir 

From  the  given  geometry,  L  =  20.7" 


AR  = 
I7AR 


8.24  -  6.11 
2 

_  20J_ 

“  1.065 


=  .8425 
=  19.44 


The  outer  annulus  dimensions  are: 
Inlet  O.D.  =  9.925  I.D.  =  8.24" 
OuUet  O.D.  =  18.95  I.D.  =  14.3" 


=  ir  =  16" 

From  the  given  geometry,  L  =  15.8" 
9.925  -  8.24 


AR  = 
L/AR  = 


2 

15.8 


=  .8425 
=  18.75 


.8425 
AR-1  =  4.04 

Pressure  recovery  coefficient,  Cp  =  >.80 


The  value  selected  for  the  diffuser  terminal 
velocity  has  a  major  effect  on  the  overall  length. 
Overall  length  of  a  concentric  annular  diffuser 
versus  terminal  velocity  has  been  plotted  on 
Curve  No.  11.  A  concentric  annular  diffuser 


Figure  5.  Concentric  Annular  Diffuser  for  8.0 
liter  Engine 


With  the  dimensions  of  the  diffuser 
approximately  determined,  a  complete  turbo¬ 
cooling  system  for  the  8.0  liter  engine  can  be 
constructed. 
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If  the  concentric  annular  diffuser  and  fan 
component  are  surrounded  by  a  plenum  chamber, 
he  fan  can  be  provided  with  a  uniform 
peripheral  air  inlet.  Uniform  air  inlet  conditions 
are  essential  for  achieving  high  fan  efficiency. 
The  heat  exchangers  can  be  located  upstream  of 
the  fan  in  the  plenum  chamber  walls  in  a  parallel 
arrangement  to  ensure  lowest  possible  system 
resistance.  The  plenum  chamber  shape  can  be 
round  to  accommodate  round  heat  exchangers,  or 
rectangular  as  dictated  by  the  most  desirable  heat 
exchanger  arrangement  The  turbine  and  bearing 
housing  structure  of  the  turbo-fan  unit  is  external 
from  the  plenum  chamber  to  ensure  a  convenient 
attachment  to  the  engine  exhaust  gas  piping.  The 
volume  of  the  plenum  chamber  needs  to  be 
developed  in  conjunction  with  the  system  heat 
exchanger  size  so  that  the  air  velocity  induced 
through  the  heat  exchangers  by  the  action  of  the 
fan  is  maintained  at  a  proper  level  when  the 
maximum  cooling  load  is  encountered.  One 
possible  configuration  of  a  turbo-cooling  system 
module  for  the  8.0  liter  engine  is  illustrated  in 
Figure  6.  The  installation  of  the  complete 
.jooling  module  in  a  vehicle  might  be  made  where 
the  plenum  chamber  walls  conform  to,  or  are 
part  of,  the  vehicle  structure. 


46.8" 


Figure  6.  Turbo-Cooling  Module  for  8.0  Liter 
Diesel  Engine 


Estimated  Effect  of  Turbo-Cooling  System  on 
Performance  of  8.0  Liter  Diesel  Engine. 

The  added  back  pressure  imposed  on  the  engine 
by  the  turbo-fan  turbine  causes  a  power  loss. 
However,  this  loss  can  be  offset  by  the  removal 
of  the  power  absorption  of  the  standard  engine- 
driven  fan. 

Figure  10  in  Reference  [2]  shows  the  effect  of 
increasing  back  pressure  on  a  typical  diesel 
engine.  The  net  power  developed  from  a  turbo- 
compound  engine  reaches  a  maximum  at  some 
value  of  power  turbine  expansion  ratio. 

Engine  tests  have  been  run  to  simulate  turbo¬ 
compound  performance  effects  by  imposing  a 
variable  restriction  on  the  engine  exhaust.  As  the 
restriction  is  increased,  the  expansion  ratio  across 
the  turbocharger  turbine  will  decrease  causing  a 
drop  in  boost  pressure,  air  flow  and  trapped 
air/fuel  ratio.  The  turbocharger  must  then  be  re¬ 
matched  to  restore  the  loss  in  boost  pressure. 

The  effect  of  restricting  the  exhaust  of  a  typical 
8.0  liter  diesel  engine  is  illustrated  on  Curve  No. 
12.  Boost  pressure  of  the  unrestricted  engine  is 
46"Hg.  The  standard  turbocharger  unrestricted 
boost  level  has  been  increased  to  offset  the  loss 
when  restriction  is  applied.  It  can  be  seen  on  the 
curve  that  restriction  of  the  exhaust  can  reach 
10.2"Hg  before  the  turbocharger  boost  level  falls 
to  the  normal  value  of  46"Hg. 

The  fuel  consumption  values  shown  are  without 
the  standard  fan  power  absorption.  If  the  engine 
requires  a  standard  fan  absorbing  12  HP,  there  is 
a  net  gain  in  fuel  consumption  up  to  a  back 
pressure  of  ..1.2"Hg.  If  the  standard  fan  absorbs 
16  HP,  there  is  a  net  gain  in  fuel  consumption 
until  the  back  pressure  reaches  13.0"Hg. 

The  optimized  turbo-cooling  system  for  the  8.0 
liter  engine  imposes  a  9.1"Hg  back  pressure  on 
the  engine  at  rated  speed.  Thus,  if  the  16  HP  fan 
is  replaced  by  an  optimized  turbo-cooling  system, 
a  net  gain  in  fuel  consumption  of  .010  #/BHP- 
HR  is  indicated. 
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IX.  CONCLUSIONS 

The  calculated  results  indicated  that  a  sound 
thermodynamic  basis  exists  for  considering  turbo¬ 
cooling  systems  for  use  in  heaw-duty,  diesel 
engine  powered  equipment. 

In  the  small  turbocharger  field,  radial  turbines 
with  undivided  turbine  casings  have  reached 
efficiencies  of  80  percent  at  the  low  expansion 
ratios  needed  by  turbo-cooling  systems.  Data 
published  by  NASA  on  the  design  and  testing  of 
low  pressure  fan  stages  indicates  efficiencies  of  85 
percent  have  been  achieved  in  laboratory  tests.[8] 
The  mechanical  efficiencies  of  ball  bearing 
systems  used  in  small  turbochargers  are  known  to 
be  over  98  percent.  Since  the  overall  efficiency 
of  a  turbo-fan  comprises  the  product  of  the 
efficiencies  of  the  fan,  turbine  and  bearing 
systems,  the  achievable  level  of  overall  efficiency 
should  exceed  60  percent.  It  is  evident  from  the 
literature  and  from  practical  experience  that  most 
fans  used  in  conventional  fan-radiator  cooling 
^tems  operate  with  efficiencies  less  than  50 
percent  Thus,  there  is  potential  for  thermal 
efficiency  improvement  in  a  power  plant  where  a 
fan-radiator  is  replaced  by  an  optimized  turbo¬ 
cooling  system. 

Assuming  that  the  concentric  annular  diffuser 
shown  in  Figure  5  performs  in  accordance  with 
theory,  then  the  compact  cooling  module  shown 
in  Figure  6  presents  a  convenient,  versatile 
cooling  system  that  can  be  applied  to  a  variety  of 
heavy-duty  equipment  by  adapting  the  plenum 
walls  to  a  variety  of  structural  configurations. 


Since  the  turbo-cooling  system  comprises  several 
discrete  components,  each  one  can  be  ejesigned 
and  developed  separately  before  being  combined 
to  form  a  total  system.  Organizations  that  design 
and  manufacture  small  turbochargers  have 
laboratory  facilities  ideally  suited  for  this  type  of 
component  development.  A  turbocharger 
development  test  stand  can  be  used  to  evaluate 
prototype  fan  designs  and  can  also  be  used  to 
evaluate  diffuser  designs  by  mounting  the  diffuser 
on  the  fan  outlet  and  instrumenting  it  to  measure 
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pressure  recovery.  The  turbo-fan  turbine  is 
essentially  identical  to  radial  or  mixed-flow 
urbines  used  in  small  turbochargers  and  previous 
extensive  development  work  carried  out  on  this 
component  is  directly  applicable.  Heat  exchanger 
design  technology  is  well  known  and  does  not 
require  component  development  to  reach  high 
effectiveness  with  reasonably  low  flow  resisttmce. 

Thus,  no  new  technology  is  required  to 
successfully  develop  turbo-cooling  systems. 
Reasonably  high  component  efficiencies  can  be 
expected  from  the  design  process  and  optimal 
efficiencies  can  be  expected  from  implementing 
component  development  programs  using  standard 
laboratory  equipment  and  test  techniques. 
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1.0  INTRODUCTION 

As  part  of  the  original  TACOM  contract  #  DAAE07-87-C-R106  to  develop 
a  fuel  system  for  the  Cummins  VTA-903  engine,  a  variable  area 
turbocharger  (VAT)  was  developed-  In  addition  to  the  VAT  system,  the 
turbocharger  incorporates  a  low  friction  bearing  system  for  improved 
mechanical  efficiency  and  a  high  flow  turbine  utilizing  combination 
flow.  Tooling  was  built  for  all  major  components,  and  small 
quantities  of  parts  were  cast  and  machined  to  build  prototype  units 
for  test  purposes.  A  test  program  was  conducted  consisting  of  dynamic 
stability,  performance  mapping  eind  burst  and  containment  tests.  This 
report  covers  the  development  and  test  results  of  the  basic 
turbocharger  and  preliminary  results  of  the  variable  area  system. 

2.  TECHNICAL  DISCUSSION 

The  objectives  of  the  program  were  to  design  aui  efficient  auid  flexible 
turbocharger  system  using  the  latest  developments  in  turbine, 
compressor  and  bearing  design  to  optimize  its  use  on  Cummins  NTC  and 
VT-903  engines. 

2.1  VARIABLE  AREA  DESIGN 

By  utilizing  a  combination  axial  and  radial  flow  turbine  in  a  twin 
volute  housing,  a  simple  and  effective  two  stage  variable  area  concept 
was  developed.  A  sliding  element  in  the  turbine  exducer  and  a 
diverter  valve  ahead  of  the  turbine  inlet  serve  to  divert  exhaust  flow 
from  all  cylinders  to  a  single  volute.  Figures  1  emd  2,  Appendix  C. 
The  increased  flow  velocity  through  the  turbine  thus  can  be  utilized 
to  increase  the  boost  at  low  engine  RPM.  At  higher  engine  speeds  the 
slider  and  diverter  valve  return  to  their  normal  positions  and  engine 
exhaust  flows  to  both  volutes.  During  testing,  the  operation  of  the 
slider  cind  diverter  valve  were  separated  to  determine  if  a  large 
enough  portion  of  the  gain  can  be  attributed  to  the  division  of  gases 
by  the  diverter  valve  alone  to  eliminate  the  complication  of  the 
sliding  element. 

2.2  TURBINE  AND  COMPRESSOR  DESIGN 

Turbine  design  is  tailored  to  take  adveoitage  of  the  low  exhaust 
temperatures  encountered  in  todays  high  efficiency  4-stroke  diesel 
engines  by  providing  large  expansion  ratio  per  pound  of  exhaust. 
Turbine  efficiency  is  enhanced  by  smoother  gas  flow  from  the  volutes 
through  the  turbine  wheel,  amd  elimination  of  leakage  flow  around  the 
back  of  the  wheel  as  in  purely  radial  flow  turbines.  The  large  exit 
area  provided  by  the  combination  flow  turbine  madces  for  high  flow 
capacity  in  small  overall  size  and  reduces  leaving  losses  to  a 
minimum. 


1 


Compressor  design  follows  the  latest  technology  of  chevron,  bent  tip 
wheel  with  vaneless  diffuser  for  minimal  smoke  on  acceleration  and  the 
broad  range  required  by  todays  high  torque  rise  engines  which  must 
maintain  power  to  12000  ft.  altitude. 

2.3  BEARING  SYSTEM  DESIGN 

To  improve  mechanical  efficiency  with  minimal  risk,  a  combination  ball 
bearing  and  journal  bearing  system  was  designed.  Fig.  3  Appendix  C. 
The  ball  bearing  is  mounted  in  a  rotating  sleeve  at  the  cooler, 
compressor  end  of  the  turbo  with  the'  conventional  bronze  sleeve 
bearing  providing  support  at  the  turbine  end.  Similar  ball  bearing 
systems  have  undergone  extensive  laboratory  amd  field  tests  and  have 
been  shown  to  operate  satisfactorily  in  diesel  truck  environments. 
The  rotating  sleeve  is  supported  by  an  outer  oil  film  which  largely 
dampens  compressor  imbalance  loads  and  transfers  predominantly  thrust 
loads  to  the  ball  bearing.  Catalog  BIO  bearing  life  using  predicted 
loads  and  speeds  exceed  2130  hours  of  operation  rionning  at  constant 
speed  cind  load,  however,  a  more  elaborate  EHD  film  analysis  based  on 
oil  film  thickness  to  bearing  surface  roughness  ratio  predicts  almost 
unlimited  life  of  the  ball  bearing.  The  bearing  system  should  be  less 
sensitive  to  cold  starts  because  a  ball  bearing  can  operate  on 
marginal  lubrication  for  longer  periods  of  time  than  plain  thrust 
bearings  of  current  designs,  while  the  low  oil  flovr  required  by  a  ball 
bearing  should  eliminate  oil  leakage  at  the  compressor. 

2.4  MECH3\NICAL  CONSTRUCTION 

Several  unique  features  distinguish  this  turbocharger  design  to 
facilitate  manufacture  and  assembly. 

a.  The  compressor  end  oil  seal  has  been  improved  to  eliminate 
the  requirement  for  machining  a  groove  into  the  shaft.  One 
side  of  the  groove  is  formed  by  the  compressor  wheel,  the 
other  by  the  slinger  sleeve,  eliminating  the  requirement  to 
expand  the  piston  ring  over  an  edge. 

b.  To  eliminate  the  shaft  twisting  forces  associated  with 
tightening  the  compressor  end  nut,  the  usual  socket  wrench 
projection  on  the  turbine  has  been  eliminated  and 
tightening  reactions  are  taken  at  two  flats  on  -the 
compressor  end  of  the  shaft.  The  shaft  end  of  the  turbine 
has  a  cavity  cast  into  it  calculated  to  limit  burst  speed 
to  a  containable  value.  Burst  auid  containment  tests 
results  will  determine  the  final  configuration  and  size  of 
this  cavity. 

c.  Both  turbine  and  compressor  housings  were  designed  for 
minimum  weight  and  casting  costs  which  allows  low  cost 
adapters  to  be  used  to  mate  the  turbo  to  cuiy  engine 
manifold  as  required. 


2 


The  elimination  of  external  cores  required  to  cast  clamping 
flanges  on  the  turbine  housing  reduces  the  pattern  cost  as 
well  as  the  casting  piece  price.  Adapters  can  be  low  cost 
spinnings  or  stampings  which  can  be  shrunJc  or  clamped  to 
the  turbine  and  compressor  housings. 

3 .  PERFORMANCE  TESTING 

All  testing  of  the  turbocharger  was  done  at  Roto-Master,  an 
aftermarket  turbocharger  manufacturer,  using  a  fully  instrumented 
standard  gas  stcuid  for  performance  testing.  Burst  auid  containment 
tests  were  done  in  a  cell  specifically  constructed  for  that  purpose. 
The  test  program  was  conducted  in  stages  designed  to  reveal  any 
weakness  in  the  design  without  putting  the  test  units  at  risk  of 
damage.  Therefore,  testing  was  performed  in  the  following  order: 

3 . 1  DYNAMIC  STT^ILITY 

Dynamic  stability  testing  of  the  bearing  system  was  performed 
according  to  Caterpillar  test  procedure  ET-48  "Turbocharger  Shaft 
Motion  Evaluation" ,  the  industry  accepted  test  standard  for  this  type 
of  test.  For  the  tests,  the  min.  and  maoc.  size  of  bearing  housing  ID 
and  bearing  carrier  OD  were  assembled  in  combinations  to  represent  the 
four  corners  of  the  production  size  matrix.  Rotating  components  were 
balanced  to  maximum  production  imbalance  and  assembled  in  phase  to 
represent  worst  case  balance  of  a  production  unit.  Each  of  the  four 
assembly  combinations  was  then  run  from  40K  to  90K  RPM  in  lOK 
increments  and  shaft  motion  and  deflection  monitored  with  a  spectrum 
analyzer  cind  recorded.  All  tests  were  done  at  200  degree  F  oil  inlet 
ten^.  and  1200  degree  F  turbine  temp,  at  60  PSI  and  30  PSI  oil 
pressure.  For  the  test  a  special  extended  shaft  motion  nut  was  used. 
Two  proximity  sensors  were  installed  at  90  degrees  to  each  other  in 
the  housing  inlet  to  sense  radial  motion  of  the  shaft  at  the 
compressor  end.  Signal  amalysis  was  via  a  Hewlett-Packard  HP  3561A 
Dynamic  Signal  Analyzer  and  Krohn-Hite  3202  Active  Filter  plotted  to 
show  sensor  output  vs.  frequency.  Rotational  speed  was  measured  by 
a  coil  placed  around  the  housing  inlet  sensing  a  magnetized  impeller 
nut.  Plots  of  shaft  motion  vs.  turbine  speed  were  reduced  from  the 
Signal  Analyzer  Data  and  are  included  in  Appendix  A.  Total  shaft 
motion  as  sensed  by  the  instrumentation  will  be  due  to  a  var lety  of 
factors  such  as  shaft  and  wheel  eccentricities  as  well  as  out  of 
balcuice  conditions.  Eccentricities  will  record  as  first  order 
(synchronous)  signals,  while  other  influences  will  generate  higher 
order  signals.  The  sum  of  all  signals  will  represent  total  shaft 
motion.  Acceptable  limits  as  per  ET-48  are  shown  as  dotted  lines. 
Meocimum  allowable  limits  of  total  shaft  motion  are  defined  as  45%  of 
maximum  radial  shaft  play  (conical)  up  to  50%  rated  speed.  At  speeds 
over  50%  of  rated,  allowable  total  shaft  motion  is  30%  of  total  radial 
shaft  play.  Maximum  allowad^le  synchronous  shaft  motion  is  16%  of 
maximum  radial  shaft  play.  As  the  plots  show,  total  and  synchronous 
shaft  motion  were  below  the  allowable  limits  in  all  cases  auid  at  all 
speeds . 
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3.2  COMPRESSOR  PERFORMANCE 


Compressor  maps  were  generated  for  5  compressor  trim  points  starting 
with  the  trim  calculated  for  highest  efficiency,  and  bracketing  this 
to  determine  the  best  efficiency,  width  of  map,  position  of  surge  line 
and  possible  areas  of  instability.  Trim  points  were  varied  by 
changing  the  inducer  diameter  and  the  diffuser  width  of  the  compressor 
wheel  with  matching  changes  in  the  housing.  Increasing  the  inducer 
diameter  tilts  the  map  at  the  top  increasing  max  flow  at  choke,  at  the 
same  time  tilting  the  surge  line  towards  higher  flow.  Changing  the 
diffuser  width  tends  to  be  am  optimization  exercise,  a  narrower 
diffuser  tends  to  broaden  the  flow  range  and  raise  efficiency,  up  to 
a  point.  The  compressor  map  for  the  design  point  trim  (-4 
configuration)  shows  that  a  large  island  of  76%  efficiency  exists 
around  the  design  point.  Analysis  of  the  test  data  shows  further  that 
at  the  design  point  of  pressure  ratio  =  2.0  and  0  =  707  CFM,  the 
efficiency  is  close  to  77%,  Compressor  Performance  Data  Sheets  ^-4 
config.  only)  and  Performance  Maps  (all  configs.)  are  included  in 
Appendix  B. 

3.3  BURST  AND  CONTAINMENT  TESTS 

The  principal  reason  for  performing  containment  tests  on  a  new 
turbocharger  design  is  to  assure  that  the  turbine  and  compressor 
housings  will  contain  any  shrapnel  in  case  of  failure  of  the  rotating 
components.  By  tailoring  the  size  and  shape  of  a  cavity  designed  into 
the  hub  of  the  turbine  wheel,  the  natural  burst  speed  of  the  turbine 
can  be  limited  to  a  factor  of  2  times  the  energy  at  design  speed  (1.4 
times  design  speed) ,  assuring  an  adequate  safety  factor  without 
excessive  weight  penalties  of  the  housing  for  containment.  The  natural 
burst  speed  of  the  compressor  wheel  is  normally  higher  than  that  of 
the  turbine,  however  a  failure  such  as  a  casting  flaw  could  cause  it 
to  fail  at  a  lower  speed.  To  simulate  this,  a  wheel  is  artificially 
flawed  by  drilling  or  sawing  at  the  hub  to  cause  it  to  fail 
approximately  20%  over  design  speed.  Two  turbir.^s  were  tested  amd 
burst  at  161900  RPM  and  151400  RPM,  both  speeds  well  above  the 
required  140000  -  145000  RPM.  Neither  burst  was  contained.  Design 
cheuiges  were  made  to  bring  the  natural  burst  speed  into  the  required 
range,  and  to  reinforce  the  housing  to  contain  at  that  speed.  One 
compressor  was  modified  and  burst  at  118100  RPM  without  containing. 
Design  chauiges  were  subsequently  made  to  reinforce  the  compressor 
housing  in  the  area  of  damage.  Although  the  required  design  changes 
have  been  made,  no  new  parts  have  been  meinufactured  incorporating 
those  changes. 

3.4  ENGINE  AND  VEHICLE  TESTS 

Engine  testing  on  the  Ciimmins  VT-903  has  not  been  done  to  date,  but 
3  installations  (without  VA  hardware)  have  been  made  on  road  vehicles 
equipped  with  Cummins  855  engines.  Of  the  three  installations,  one 
failed  after  being  operated  for  2100  miles  on  a  NTA-400  with  420+HP 
operating  short  haul,  due  to  inadequate  turbine  to  housing  clearance. 
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As  a  result,  subsequent  units  were  constructed  with  increased 
clearance  on  the  turbine  OD.  The  second  unit  failed  after  operating 
8745  miles  on  a  400  HP  Engine  operating  long  haul  of  about  700  miles 
per  day  including  long  grades.  The  ball  bearing  had  failed 
catastrophically,  but  it  could  not  be  determined  if  this  was  the 
primary  cause  of  failure.  The  third  unit  was  installed  on  a  NTC-350 
equipped  tractor  making  deliveries  operating  2  shifts,  7  days.  This 
unit  operated  for  approximately  37000  miles  before  being  removed  from 
service  when  the  engine  required  an  overhaul.  Upon  examination,  the 
unit  showed  no  discernible  wear. 

3.5  VARIABLE  AREA  TESTS 

A  performance  map  was  generated  for  the  WS-90  turbine  operating  on  the 
radial  inlet  only  and  is  compared  with  the  characteristics  of 
operation  on  both  inlets  in  Figs.  4  and  5,  Appendix  C.  Although  peak 
turbine  efficiency  drops  to  56%  from  68%,  the  radial  inlet  (only) 
turbine  develops  an  expansion  ratio  of  2.4  at  a  specific  flow  of 
almost  42  against  a  specific  flow  of  72  at  2.4  for  the  combination 
turbine.  The  variable  area  associated  hardware  has  not  been  run  on 
the  TACOM  VTA-903  engine,  however,  engine  acceleration  tests  and  boost 
pressure  comparisons  between  radial  and  axial  volutes  and  slider  in 
and  out  have  been  made  on  a  Cummins  NTC-400  engine. 

3,5.1  ENGINE  ACCELERATION  TESTS 

Baseline  acceleration  runs  were  made  with  a  stock  Holset  BHT-3B  and 
with  the  WS-90,  then  exhaust  was  diverted  in  both  units  and 
acceleration  again  measured.  In  the  WS-90,  exhaust  was  diverted  to 
both  the  axial  as  well  as  the  radial  volutes  for  comparison.  The 
results  of  several  runs  were  averaged  for  each  condition  and  plotted 
in  Fig.  6,  Appendix  C.  Acceleration  runs  were  made  using  the 
following  procedure: 

1.  Dynamometer  load  set  to  300  HP  at  1800  RPM  2.  Engine  speed 
reduced  to  idle  3.  Quick  throttle  opening  4.  Measure  time 
to  accelerate  to  1800  RPM  under  Load  5.  Record  boost  at 
1800  RPM  Only  the  final  boost  at  1800  RPM  was  recorded 
because  of  instrumentation  limitations,  however,  the 
results  show  the  trend  of  increasing  engine  acceleration 
with  exhaust  diversion.  For  the  WS-90,  two  conditions  were 
investigated,  exhaust  diverted  to  the  radial  volute  without 
closing  the  axial  volute,  amd  exhaust  diverted  to  the  axial 
volute  with  the  sliding  tailpipe  closing  the  radial 
passage.  Although  engine  acceleration  is  greater  with  flow 
in  the  axial  volute,  final  boost  is  lower,  which  may  be  due 
to  the  boost  history  during  acceleration.  A  p>erf6rmance 
map  was  also  generated  for  a  WS-90  turbine  operating  on  the 
radial  inlet  alone  driving  a  Holset  compressor.  Fig.  5, 
Appendix  C. 
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3.5.2  BOOST  PRESSURE  TESTS 

A  series  of  dynamometer  runs  were  made  with  the  same  NTC  engine  at 
1100,  1300  and  1500  RPM  at  power  settings  up  to  350  HP  to  measure 
differential  pressure  at  different  diverter  settings  and  slider 
positions.  Figs.  7,  8  and  9  in  Appendix  C  show  exhaust  back  pressure 
and  boost  pressure  for  the  engine  with  exhaust  diverted  to  the  axial 
volute  for  tail  pipe  in  and  out,  as  well  as  diverted  to  the  radial 
volute.  Boost  differential  is  highest  in  all  cases  for  diversion  to 
the  axial  volute  with  tailpipe  in.  Although  boost  pressures  were 
higher  with  the  flow  diverted  to  the  radial  volute,  boost  differential 
was  less  indicating  the  lower  turbine  efficiency  while  operating  in 
this  mode.  Fig.  10,  Appendix  C  shows  a  comparison  between  the  Holset 
BHT-3B  and  the  WS-90  with  VA  operating  on  a  365  HP  NTC  engine 
indicating  the  additional  boost  availaUble  for  acceleration  below  1500 
RPM. 
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ACT  Air  Charge  Temperature 

BHP  Brake  Horsepower 

BSFC  Brake  Specific  Fuel  Consumption 

ECU  Electronic  Control  Unit 

EEC-IV  Electronic  Engine  Controller  (Ford  Motor  Co.) 

EPR  Electronic  Pressure  Regulator 

ET  Energize  Time 
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IBM-PC  International  Business  Machines  -  Personal  Comouter 

MAP  Manifold  Air  Pressure 

PHSV  Proportional  High-Speed  Solenoid  Valve 

PIP  Position  Input  Pulse  {Crankshaft  position) 
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RPX  Rail  Pressure  Transducer 
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TCS  Turbocompound  Cooling  System 

MTU  Michigan  Technological  University  (Houghton,  Ml) 


